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Summary
The conversion of solar energy into electricity through the photovoltaic effect could 
be a viable approach to supply the global energy requirements with minimal 
detrimental effects on the environment. Recent research on photovoltaics has focussed 
on organic photovoltaics (OPVs) which utilises organic materials due to their ease of 
processing, high light absorption coefficient and potential for low cost thin film 
device fabrication compared to its inorganic counterparts. The work presented in this 
Thesis is focussed on enhancing the photo-generated current of OP Vs based on 
conjugated polymers and fullerene derivatives through the incorporation of multi wall 
carbon nanotubes (MWCNTs).
Initial studies focus on the identification of suitable conditions for the fabrication of 
efficient reference devices (photo-active layer composed of poly(3 -hexylthiphene) 
(P3HT) and [6,6]-phenyl Cei-butyric acid methyl ester (Côo-PCBM)) in order to 
observe any improvements upon addition of MWCNTs into the active layer. 
Deteriorated device characteristics are achieved with pristine MWCNTs (p- 
MWCNTs) incorporated P3HT:PCBM active layer devices due to the poor thin film 
morphology of the P3HT:p-MWCNTs:PCBM active layer films. This is identified as 
being due to the poor dispersion of nanotubes in organic solvents that hampers the 
formation of good interpenetrating networks at the nano-scale. Therefore, to improve 
the dispersion of MWCNTs in 1,2 dichlorobenzene (DCB) solvent acid 
functionalisation of MWCNTs is carried out. These dispersible acid fimctionalised 
MWCNTs (0-MWCNTs) in DCB are characterised by Raman and infrared 
spectroscopy, for verification of attachment of functional groups.
An enhanced device performance is achieved through the incorporation of O- 
MWCNTs in to the P3HT:PCBM system. Optimisation of P3HT:0-MWCNTs:PCBM 
solar cells is observed to lead to devices with higher short circuit current densities 
(Jsc)- Investigations towards understanding the enhancement of J^^from P3HT:0- 
MWCNTsiPCBM is carried out through external quantum efficiency (EQE)
measurements and photoluminescence (PL) spectroscopy. Higher EQE values of 
P3HT:0-MWCNTs:PCBM active layer devices, in particularly the higher collection 
probability in the blue and green region of the electromagnetic spectrum suggests an 
efficient charge separation at donor/acceptor (D/A) heterojunction, reduced 
recombination, and improved charge carrier mobility as the reasons affecting the 
increase in the net photo-generated current. The J^ ^^ is shown to increase from 8.0
mAcnf^ in the reference device to 8.34 mAcm~^ in the 0-MWCNTs incorporated 
device. Furthermore, the drastic PL quenching suggests enhanced exciton dissociation 
in the system and is in agreement with the results achieved from EQE measurements. 
Analysis of these observations lead to the conclusion that 0-MWCNTs are 
responsible for creating additional charge generating sites (exciton dissociation 
centres, EDCs) in the active layer. Favourable charge generation at P3HT/0- 
MWCNTs is observed due to the efficient exciton dissociation at the nano­
heterojunction. A hypothesis of “0-MWCNTs as EDCs” is formulated on considering 
these observations and further investigation of the hybrid OPV system is carried out.
The dielectric constant ( s )  for the composite systems of P3HT:PCBM and P3HT:0- 
MWCNTsiPCBM are estimated from a space charge limited current (SCLC) model 
and compared. A 1.23 times increase in the 6: of P3HT:0-MWCNTs:PCBM 
composite compared to P3HT:PCBM indicates a lower Coulombic attraction which 
leads to a lower binding energy. Charge transport analysis conducted through a SCLC 
model is used to understand the effect of addition of the tertiary component to the 
existing system and hole mobility is estimated.
The addition of 0-MWCNTs is favourable in lowering the s , minimising the exciton 
binding energy and enhancing the exciton dissociation process in the P3HT:0- 
MWCNTs:PCBM system. The achieved for this system is higher than the
existing P3HT:PCBM system and the calculated higher hole mobility of this system 
supports the improved charge transport process. As a result of these achievements, the 
role of 0-MWCNTs in the OPV system is recognised as beneficial for charge 
generation.
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Chapter 1
Introduction
1.1 Development of Photovoltaics
Fossil fuels stand as the primary source for satisfying the world’s current energy 
requirements. However, possible exhaustion of fossil fuels together with the 
increasing concerns on global warming and climate change have stimulated intensive 
scientific investigations on alternate energy sources for assuring future global energy 
needs. The sun is considered as the primary energy source for the planet Earth. 
Furthermore, it is also the driving force for nearly all forms of energy available on 
earth; fossil fuels have their origin in the sun, wind and ocean currents are caused 
primarily by the sun and the water cycle for the hydro power occurs as a result of the 
sun. The total power received on earth in the form of solar radiation is l lA P W  
W )}  Another important, rapidly expanding, renewable energy source 
based on solar energy is the conversion of sun light directly in to electricity 
(photovoltaic effect) through the use of semiconducting material systems. In 
photovoltaic devices, a semiconductor is used as the light absorbing unit. When 
exposed to light, the semiconductor creates free charge carriers or bound electron-hole
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pairs (which lead to free carriers). A built in potential in the material system sweeps 
these carriers towards the external circuit. These charges are extracted through the use 
of metal contacts which lead to the generation of electrical energy upon connecting to 
an external load (the consumer).
The evolution of photovoltaics (PVs) can be dated back to the work done by the 
French experimental physicist Alexandre-Edmond Becquerel who, in 1839, 
discovered the photovoltaic effect.^ In 1877, Charles Fritts fabricated the first solar 
cell by coating selenium with a thin transparent layer of gold.^ This device was very 
inefficient and transformed less than 1% of the absorbed light into electricity. During 
the 20^  ^century, the improvement on processing of crystalline silicon (c-Si) paved the 
way for the fabrication of silicon p-n junctions.^ (A p-n junction is an electronic 
device created in a single crystal of semiconductor by doping of appropriate atoms to 
create hole rich p and electron rich n type regions). In 1954, three American 
researchers; Pearson, Chapin and Fuller, demonstrated the first p-n junction based 
silicon solar cell capable of 6% power conversion efficiency {PCE)  at Bell 
Laboratories (called first generation solar ce lls).In  1960s, the interest in PV devices 
was driven by the requirements for space applications.^ However, even after decades 
of research and development, the high fabrication cost of first generation PVs 
remained a major obstacle towards competing with the conventional energy 
conversion methods. To lower the unit cost of PV modules, alternative materials to 
the relatively expensive c-Si were researched, and the “thin film solar cell” (called 
second generation solar cells) concept which utilises a few microns of material 
compared with the thicker (~ 300 jLon)  c-Si solar cells was expected to answer the 
problem. These second generation solar cells based on thin film technology use 
semiconductors such as cadmium sulphide (CdS), copper indium gallium selenide 
(CIGS) and amorphous silicon (a-Si) as the photoactive materials. Hydrogenated 
amorphous silicon (a-Si:H); one of the most promising active materials for fabrication 
of thin film PVs, was discovered by Chittick et al.^ in 1969. The first a-Si:H PV 
reported by Carlson et al.^ in 1976 demonstrated a PCE of 2.4%. Since then thin film 
solar cell technology has continued to grow, and third generation PVs were developed 
to enhance the poor PCE while maintaining the low cost associated with thin film
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PVs. Third generation PVs strive to drastically reduce the cost per Watt (from 
$lAVatt to ~ cents/Watt, most widely used metric in PV industry) and organic solar 
cells are a novel technology which holds the promise for substantial price reduction.
1.2 Organic Photovoltaics (OPVs)
The discovery of conducting polymers in 1977 was the start of a new generation of 
optoelectronic devices.^ This discovery was particularly significant since it was the 
first example of a material that could be made to exhibit electrical and optical 
properties of a semiconductor, while preserving the desirable mechanical and 
processing properties of polymers. The synthesis of high quality semiconductor 
polymers superseded small molecule organics which were initially used as the active 
materials for organic photovoltaics (OPVs).^ During the last three decades, there has 
been a significant effort to develop PVs based on organic materials due to their high 
light absorption coefficient, ease of processing and potential for low cost thin film 
device fabrication.^^
The investigation of first organic PVs based on anthracene single crystals was 
reported in 1959 producing a voltage of 200 m V  and extremely low efficiency. 
Since then, many studies have been devoted to OPV research, and in 1978 a 
remarkable increase in the PCE (0.7%) was achieved using merocyanine dyes in a 
single layer device. Despite the improvement, PCE of solar cells fabricated with a 
single organic materials sandwiched between two metal electrodes of different work 
functions was deemed to be low. This is due fundamentally to the creation of tightly 
bound electron-hole pairs (called e x c i t o n s ) in the semiconducting organic material 
upon absorption of light rather than the generation of free electrons and holes as 
observed in inorganic solar cells. For better device performance, these excitons must 
be efficiently dissociated into free charge carriers (i.e. free electrons and holes). As 
the thermal energy (internal energy due to temperature the of system) and the electric 
field provided by the difference in work functions of the electrodes were considered 
to be less efficient in breaking the photo-generated excitons, mechanisms for 
improving the exciton dissociation were investigated in order to achieve a
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better P Œ . A major breakthrough of the OPV device structure was achieved by Tang 
et al/^ who in 1986 introduced the hi- layer device architecture. In that work, a 
heterojunction was formed between the electron donating copper phthalocyanine and 
electron accepting perylene tetracarboxylic derivative. Due to the strong potential 
gradient (larger than the exciton binding energy {E^))  at the interface, photo­
generated excitons are dissociated with electrons being accepted by the material with 
the larger electron affinity (acceptor material -A) and holes remaining in the material 
with the lower ionisation potential (donor material- D).^  ^The dissociation of excitons 
is limited to those formed within a certain distance from the D/A interface called the 
exciton diffusion length (EDL). This EDL is a characteristic parameter representing 
the effective region for the exciton migration before it recombines. As the EDLs are 
typically 5-10 nm for organic semiconductors^^ and much shorter than the device 
thickness themselves, the recombination of these excitons posed a major problem 
which affected the net current generation and hence the device characteristics. 
Although a thin active layer could enhance the exciton dissociation, it limits the 
optical absorption reducing the light-harvesting capability of the photo active layer.
In 1995, a new device architecture where the active layer was a blend of donor and 
acceptor materials (called bulk heterojunction (BHJ) structure^^’^ )^ was introduced. 
Halls et al.^  ^ used a polymer blend of poly[2-methoxy,5-(2’-ethylhexyloxy)-l,4- 
pheneylene-vinylene] (MEH-PPV) and CN-PPV (formed by addition of cyano groups 
to a dialkoxy derivative of PPV) whereas Yu et al.^  ^utilised MEH-PPV and fullerene 
for forming the BHJ architecture. In this device architecture, the existence of a higher 
number of D/A interfaces lead to an enhanced, ultra-fast exciton dissociation and 
charge generation as most of the photo-generated excitons would be within the 
proximity of the D/A interfaces. In an ideal BHJ structure, free charge carriers 
generated within the bulk of the material are transported to the respective electrodes 
through the formation of D and A networks. Although efficient exciton dissociation 
and high charge generation are expected from the BHJ system, the charge carrier 
mobilities have been observed to be several orders of magnitudes lower in organic 
semiconductors in comparison to their the inorganic counterparts.^^ However, the 
charge transport has been observed to improve favourably through the use of
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crystalline polymer materials and treatments during the device fabrication process 
such as thermal annealing. The best example for realising the importance of thermal 
treatment has been on the blends of the widely studied poly(3-hexylthiphene) (P3HT) 
and [6,6]-phenyl Côi-butyric acid methyl ester (Côo-PCBM) where thermal annealing 
has been observed to lead to a significant enhancement in device performance.
Recently, significant progress in BHJ OPVs has been made by the synthesis of new 
low band gap (1.6-1.8 eV)  polymers^"^’^  ^ which allow for better harvesting of the 
solar spectrum compared to the existing polymers (band gap ~ 2.0 eV ). The newer 
low band gap polymers utilise the internal charge transfer from an electron-rich unit 
to an electron deficient moiety in the monomer (repeating unit of the polymer). 
Blouin et al.^ "^ ’^  ^has fabricated OPVs with derivative of poly(2,7-carbozale), poly[N- 
9”-heptadecanyl-2,7-carbozale-alt-5,5 -(4 ’ ,7 ’ -di-2-thienyl-2 ’, 1’ ,3 ’ -benzothiadiazole)] 
(PCDTBT), and PCBM reaching 3.6 % of PCE in 2007 and Park et al.^  ^has used the 
same polymer and achieved PCE of 6.1 % in 2009. On the other hand, Liang et al.^  ^
has fabricated OPVs with the copolymers of benzodithiophene and thieno[3,4- 
b]thiophene (PTBs), and has achieved 5.30 % PCE in 2008. Chen at al.^  ^has chosen 
the same polymer system and a modified polymer; poly[4,8-bis-substituted- 
benzo[l,2-b:4,5-b']dithiophene-2,6-diyl-alt-4-substitituedthieno[3,4b] thiophene -2,6 
-diyl] (PBDTTT) which has been synthesised through molecular design to achieve 
higher , and OPVs reaching PCE of 6.77 % has been achieved in 2009. Upon an
extensive structural optimisation, a new polymer from PTB family was developed 
called PTB7 and has exhibited excellent PCE of 7.4
During last few years the focus of the OPVs has again shifted towards the bi-layer 
OPV device architecture through sequential deposition of D and A layers. For such bi­
layer devices based on P3HT/PCBM, PCE values were up to 3.5 % which is similar 
to its BHJ counterparts.^^ This has been attributed to the diffusion of PCBM in to the 
P3HT layer without perturbing the ordering of the P3HT chains leading to the 
formation of a BHJ structure.^^ Indistinguishable morphologies of bi-layer and BHJ 
active layers has also been reported by Moon et al.^  ^ who have suggested that the
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spontaneous formation of equivalent nano-morphologies through bi-layer and BHJ is 
a result of BHJ nanostructure being the lowest energy state of the system. The same 
investigation has been applied to PCDTBT polymer and have achieved PCE of 6.34 
% similar to its BHJ equivalent.^^
The progress of thin film BHJ OPV cells during the last few years has been 
spectacular: achieving PCE of 0.04 % in 1995, 2.5 % in 2001, 3.5 % in 2003,
4.4 % and 5.0 % in 2005, 5.5 % in 2007, more than 6 % in 2009, 7.4 % 
in 2010 and 9.2 % in 2012. Furthermore, Konarka"^  ^ ( in the first half of 2012), 
Solamer"^  ^ and Heliatek"^  ^ have declared 9 %, 9.31 % and 10.7 % efficient devices 
respectively through the use of proprietary materials and device architectures.
1.3 Carbon Nanotube Incorporated Active Layers for OPVs
Despite the observed enhancement in optical absorption, exciton dissociation and 
charge transport in the BHJ OPVs, the device characteristics obtained are still deemed 
to be far from successful for commercialisation. As a result, recent OPV research has 
focused on the addition of inorganic components to the existing system to enhance the 
charge carrier generation fi*om exciton dissociation and charge carrier transport. 
Among the many possible inorganic materials researched for enhancing OPV device 
performance, one dimensional tubules of graphene or carbon nanotubes has received 
intense attention.
Carbon Nanotubes (CNTs) were discovered by Sumio lijima in 1991 during electron 
microscopic analysis of soot created in an electrical discharge between two carbon 
e lec t rodes .Over  the years, CNTs have been shown to have unique electronic and 
mechanical properties making them a potential candidate for a range of applications. 
Depending on the number of concentric graphene tubules, CNTs are classified either 
as single walled (1-tubule), double walled (2-tubules) or multi walled nanotubes. In an 
individual tubule, the electronic and optical properties are governed by the orientation 
of the carbon hexagons in the graphene sheet relative to the tube axis (or 
circumference). Failure to achieve accurate control in the orientation of the graphene
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sheet or produce designer chirality has led to the popularity of multi wall carbon 
nanotubes (MWCNTs) for nano-electronics/'^
The conductivity of a polymer can be improved substantially by the addition of 
carbon nanotubes/^ The high axial electrical conductivity offers the potential of 
fabricating conducting polymers or enhancing the conductivity of the existing 
conducting polymer through the formation of conducting paths. Hence, the 
combination of CNTs with conducting polymers offers an attractive route to introduce 
new electronic functionality based on morphological modification or electronic 
interaction between the two components.'^^’'^  ^ Particularly, the combination of CNTs 
with Æ -conjugated polymers is of interest for light emitting diodes (LEDs)'^^ and PV 
devices as the tt -conjugation of both systems enables templating of the polymer on 
the graphene sheet."^  ^ The non-covalent tt—tt stacking interaction between the 
polymer backbone and the nanotube wall forms crystalline mono-layers of the 
polymer that wrap around the nanotube yielding highly ordered polymermanotube 
hybrids. Additionally, this tt- tt stacking interactions between the nanotube wall and 
the polymer improve the interface charge separation.'^^ These studies have further 
demonstrated that with nanotube incorporation it is possible to enhance the exciton 
dissociation as well as charge mobility in the composite.'^^
In another study'^  ^ it has been reported that the external quantum efficiency (EQE), 
photon to electron conversion efficiency, of the device has reached up to 90 % for 
polymer/nanotube bi-layer heterojunction. In that work, it was concluded that the 
nanotubes act as hole acceptors instead of electron acceptors. This was attributed to a 
doping effect induced by the presence of a polymer matrix surrounding the nanotubes. 
Hole transfer from the polymer to the nanotube is independent of the work function of 
electrodes and is uniquely regulated by the polymer/nanotube energy level alignment. 
More importantly, this hole doping behaviour has been further demonstrated for both 
metallic and semi conducting CNTs.'^^
Based on the work reported in the scientific literature, it is conceivable that 
incorporating CNT into the active layer of OPVs in conjunction with
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polymer:fullerene (P3HT:PCBM) BHJ system (hence called organic-carbon nanotube 
hybrid PV systems) has the potential to overcome the problems related with the 
exciton dissociation, charge transport and carrier mobility in the existing system.
1.4 Objectives
The key objectives of this Thesis are to introduce MWCNTs in to P3HT:PCBM to 
consider important aspects of organic-carbon nanotube hybrid PVs: enhancement,
role of nanotubes in the active layer, and effect on the hole mobility of P3HT and the 
dielectric constant of the organic blend.
Prior to introduce MWCNTs, reference (P3HT:PCBM) devices has been optimised. 
Initially, pristine MWCNTs (p-MWCNTs) have been introduced and deteriorated 
device performance has been observed. It has become evident that the introduction of 
untreated MWCNTs caused the poor device characteristics due to the difficulty in 
obtaining a homogeneous solution required for active layer deposition. Acid 
functionalisation of MWCNTs (O-MWCNTs) has been considered to improve the 
nanotube dispersion in organic solvents and subsequently better dispersed blend of 
P3HT:0-MWCNTs:PCBM has been achieved. P3HT:0-MWCNTs:PCBM devices 
have been optimised to achieve higher compared to the reference device.
Photo-physical studies of the active layer thin films and devices have been carried out 
to investigate the origin of higher . Considering the experimental evidence and the
energy level alignment with the addition of O-MWCNTs, the role of O-MWCNTs has 
been identified as additional charge generating sites. Based on these results, a 
hypothesis “O-MWCNTs as exciton dissociation centres” has been formulated.
The final objective of this Thesis is to isolate O-MWCNTs in donor phase to exploit 
the role of O-MWCNTs in the active layer. Attempts have been taken to fabricate bi­
layer devices through sequential deposition of donor and acceptor layers. Charge 
transport analysis has been carried out by space charge limited current conduction
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mechanism to estimate hole mobility and the dielectric constant of the P3HT:0- 
MWCNTsrPCBM system.
1.5 Organisation of the Thesis
Following the introduction, the fundamental device physics of PVs and OPV device 
architectures are given in Chapter 2. Organic materials and their properties, physics of 
polymer:fullerene especially on P3HT:PCBM PVs, CNT functionalisation for OPVs 
are discussed in detail in Chapter 3. Chapter 4 presents a description of experimental 
techniques used in this work. In Chapter 5, fabrication of reference devices (i.e. 
devices without CNTs) and p-MWCNTs incorporated devices are considered which 
lead to the need for functionalisation of MWCNTs. Furthermore, Chapter 5 includes 
several functionalisation processes with the acid functionalisation process being 
discussed in detail. In Chapter 6, acid functionalised MWCNTs incorporated OPVs 
are examined and compared to the standard reference devices and to devices 
fabricated with p-MWCNTs, along with a discussion on the improvements of the 
photo-generated current observed upon addition of O-MWCNTs. Furthermore, it 
includes photo-physical studies of O-MWCNTs based P3HT:PCBM thin films. 
Chapter 7 presents the device engineering of organic-carbon nanotube hybrid PVs to 
isolate O-MWCNTs in the donor phase plus a discussion regarding the charge 
transport mechanism occurring in the system. Chapter 8 provides the conclusion of 
the research conducted in this Thesis highlighting the major discoveries as well as 
future work.
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Chapter 2
Organic Photovoltaics
2.1 Fundamentals of Photovoltaics
The main device characteristics and electrical system operation of photovoltaic 
devices are introduced in this chapter. Whilst it is generally agreed that the physical 
processes of the photovoltaic effect differs between organic to inorganic devices\ the 
electrical characteristics are similar and can be described using similar concepts. The 
discussion is primarily taken from references Bube^ , Nelson^ and Parker'^.
2.1.1 Photovoltaic System Model and Equivalent Circuits
The fundamental equations of photovoltaic devices are derived from the p-n junction 
(also the diode) based devices. The net current through the p-n junction varies 
according to the applied voltage. The following equation is an expression for the 
current through the diode as a function of voltage (diode Equation). This Equation has 
been derived starting from the equilibrium carrier concentration.^’"^
13
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I= L exp 2.1
Where,
I  - net current flowing through the diode 
I^ - reverse saturation current 
V - applied voltage across the terminal of the diode 
q - value of the electric charge 
n - Ideality Factor (« =  1)
K  - Boltzmann constant 
T - absolute temperature in Kelvin
This equation is valid for both forward and reverse currents and can be used with the 
correct sign for the voltage. For reverse biasing, voltage becomes negative and makes 
the exponential factor approximate to zero. Then, the Equation becomes;
I = - L 2.2
and this current is called the reverse saturation current.
In PVs under an optical stimulus, photo-generated electrons and holes (or electrons 
and holes generated through dissociation of photo-generated excitons) are swept by 
the electric field towards the contacts which subsequently generate a current called 
photo-generated current /  in the opposite direction. Then Equation 2.1 becomes;
I = L exp -1 gen 2.3
The illuminated junction can produce a terminal voltage at zero current and it is called 
the open circuit voltage (F^^). An expression for F^ c can be obtained from the 
Equation (2.3) by setting 7=0.
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Voc^— ln
q
^gen
I   ^
- ^  + 1
y
V„= — ln
r j \
gen
y Is y
2.4
Similarly, the other solar cell output parameter, the short circuit current {I^c) is 
obtained by setting V=0 in Equation (2.3);
I  = - /sc  ^gen 2.5
The minus sign gives the direction of .
Electrically, the PV device is equivalent to an independent source ( /  ) in parallel
with a non-linear resistive element (diode).^ An equivalent circuit diagram for an 
ideal PV device is given in figure 2.1(a).
(a)
\V  Idark
gen
R s c  +
\ y /  Idark
Figure 2.1: Equivalent circuit for (a) an ideal and (b) a real PV device. Parameters 7 ,
Idark 5 ^  ^ , ^se^ ^sh represent photo-generated current, leakage current, voltage across 
the load, load current, series and shunt resistances respectively.
Power generated from the device is given by Equation 2.6.
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P ^ I V ^ I V exp -1 I  Vgen 2.6
Maximum power (P„j^) delivered by the device, and values are related by a
characteristic property of the solar cell called fill factor (FF) and is given by Equation 
2.7.
P  I Vp s p  _   ^ max _  max max
I  V ~ I  Vsc ' oc sc oc
2 .7
2.8
Figure 2.2(a) shows the I-V characteristics of an ideal PV device. The device delivers 
power in the operating regime between 0  to V .
(a) (b)
\o ltag c  §
- 0.003 -
V o ltag e  ( \  )
Figure 2.2: Photovoltaic device characteristics for (a) an ideal and (b) real deviee illustrating 
open eircuit voltage ( ), short circuit cunent ( 1 ), maximum power point ( ), cuiTent
at ( I a ,  ) and voltage at ).
At the optimum load condition, the PV device operates at the maximum power point 
( 7%,^  ), which is represented by 7,„ .^ and . The rectangular area enclosed by the 
maximum power point is equivalent to the maximum power delivered from the
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device. The PCE of the solar cell, i.e. the ratio of the input and output power is given 
by
P C e = L s s .  2.9
P .
From Equation 2.8;
PCe = F F æF æ. 2.10
i^n
Hence, it can be understood from the Equation 2.10, that the maximisation of FCE 
involves maximising FF, and . These three components are the important
parameters for a photovoltaic device relating to the efficiency for optimum 
performance.
2.1.2 Detailed Photovoltaic Model and Performance Parameters
In a real PV device, parasitic effects such as series (Rse) and shunt resistances 
need to be accounted in the equivalent circuit, and the modified circuit is shown in 
figure 2 .1 (b). is the summation of the bulk resistance of the active material, the 
contact resistance between the active material-terminal interfaces and resistances of 
the terminals. R^  ^ can be understood as the resistance against the dark current through
the diode. To achieve ideal device conditions, R^  ^ and R^  ^ should be zero and infinite 
respectively. The value of R^  ^ and R^  ^ determine the maximum power rectangle, and 
higher R^  ^ and lower R^  ^ reduce the FF  of the real PV device. (Figure 2.2(b))
The value of R^  ^ and R^  ^ can be calculated as follows.
Organic Photovoltaics 18
d i
2.12
7 f=o
For a more realistic photovoltaic model, the effects of non-zero and non infinite 
R^ !^  should be considered. Considering these effects, the ideal diode equation is 
modified, and the diode equation can be given as follow.^’^
I= L exp
( q ( V - I R , j \   ^
kT + -h e n  2.13^sh
2.2 Organic Photovoltaic Device Architectures
The operating principles of PVs fabricated with organic semiconductor materials are 
fundamentally different to the devices fabricated with inorganic materials. The main 
difference lies in the process of charge generation which occurs through exciton 
dissociation (separation of tightly bound electron-hole pairs) at different locations 
within the photo-active layer in the OPV device. The efficiency of the OPV strongly 
depends on the device architecture exploited as it determines the exciton dissociation 
probability and the transport of the dissociated carriers. Hence, in the following 
sections, the different organic photovoltaic device architectures are reviewed 
elucidating the processes.
2.2.1 Single Layer
The initial OP Vs, had active layer composed of a single material, with these single 
layer OPV cells being the simplest of the OPV cell structures. Single layer OPV 
devices were fabricated by sandwiching the organic active layer between contacts 
with dissimilar work function (low work function electrode (LWFE) and high work 
function electrode (HWFE)) contacts.^ OPV devices with anthracene^ and magnesium 
phthalocyanine^ have exhibited a voltage of 0.2 V with extremely low efficiency in a
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single layer device architecture. Conjugated polymers have also been utilised in these 
device structures. Weinberger et al.  ^ have used polyacetylene as the single organic 
layer which had an of 0.3 V and a efficiency of 0.3 % whereas the use of P3HT  ^
has resulted in of 0.4 V and polyphenylenevinylene^^ rendered an of \ V .
Single layer OP Vs rely upon the difference in work function between the anode 
(HWFE usually ITO) and cathode (LWFE usually Al). However, in practice, the 
perfomiance of the single layer OPV is poor due to the low quantum efficiency and 
power conversion efficiency. The major obstacle is that the electric field resulting 
from the difference between the conductive electrodes (difference between LWFE and 
HWFE) is insufficient to dissociate the photo-generated excitons. Under the electric 
field, dissociation of excitons is only possible for those created within a distance of 
the EDL from the region near the contact.^ More often electrons recombine with holes 
before reaching the electrodes. Hence, the device is exciton diffusion limited, causing 
poor device perfomiance. Schematic representation of such a device is given in figure 
2.3(a) and the charge generation process under short circuit conditions in illustrated in 
figure 2.3(b).
(a)
Glass 
Anode
Single Layer 
Cathode
(b)
electron
HWFE LWFE
hole
F igure 2.3: (a) Schematic of single layer device structure and the (b) Energy level diagram 
under short circuit conditions.
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2.2.2 Donor/Acceptor Heterojunctions (D/A bi-layer)
Improvements in single layer device performance were realised with the advent of bi­
layer device architectures.^^ Bi-layer device structures consist of two organic layers 
with mismatched highest occupied molecular orbit (HOMO) and lowest unoccupied 
molecular orbit (LUMO) energy levels. These two layers are described as the donor, 
D, and acceptor, A, materials with the requirement of low ionisation potential (/i^ ,) 
for donor and high electron affinity ( EA^ ) for acceptor. When these two materials are 
brought together, a D/A heterojunction is formed. The key to successful bi-layer 
device is utilising materials with suitable difference in their and EA^ (0.3eV )  
which will cause charge separation at the interface.
Charge transfer at donor/acceptor interfaces is the most efficient means of 
dissociating the exciton, and in donor/acceptor heterojunction OP Vs, the exciton 
dissociation process is several orders more efficient than a single layer OPV device 
structure discussed above(F igure  2.4(a)). Though the formation of a classical p-n 
junction requires doped semiconductors with free charge carriers to form the electric 
field in the depleted region, the charge transfer in organic heterojunctions between 
undoped donor and acceptor materials is due to the differences in the ionisation 
potential, IPj^, of the donor and electron affinity, EA^ , of the acceptor. Electrons may 
be transferred to the LUMO of A from LUMO of D, (figure 2.4(b)) which is 
energetically preferential when*^;
Where, is the binding energy of the exciton.
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-  EA^
Figure 2.4: (a) Schematic representation of bi-layer device structure, and the (b) Energy level 
diagram illustrating favourable exciton dissociation at the heterojunction.
This bi-layer heterojunction is sandwiched between two electrodes. The work 
function of anode (HWFE) should match the HOMO of donor and the work function 
of cathode (LWEE) should match the LUMO of acceptor, for efficient extraction of 
the dissociated free charge caiTiers^  ^ (Figure 2.5).
LliMO
LUMO
LWFE
HWFE
HOMO
HOMO
(b)
LUMO
LUMO
HWFE LWFE
HOMO
HOMO
Donor Acceptor Donor Acceptor
Figure 2.5: Energy level diagram of D/A bi-layer system (a) under flat band conditions, and 
(b) under short circuit conditions.
Organic Photovoltaics 22
An immense advantage in the D/A heterojunction device over the single layer device 
is the monomolecular charge transport occurring in the former architecture. After the 
excitons are dissociated at the interface, the electrons travel within the acceptor 
material and the holes travel within the donor material. Hence, holes and electrons are 
effectively separated from each other, and thus charge recombination is greatly 
reduced and depends more on the quality of the material including the distribution and 
propensity of trap densities.^
These heterojunction devices can be fabricated either by sequential thermal 
deposition, solution casting of one soluble material and evaporation of the second 
material, or sequential solution casting of both layers.^
In sequential solution casting, called as sequential deposition (SD), of D and A thin 
films, there is an inherent difficulty associated with spin-coating of sequential layers 
since most conjugated organic molecules and fiillerenes are soluble in similar 
solvents. It is demonstrated that there exist a set of solvents called orthogonal solvents 
that allows sequential spin coating of polymer and fullerene layers to produce two 
layers. For P3HT/PCBM devices, it is found that the common organic solvents 
dichloromethane (DCM) and dichlorobenzene (DCB) meet this requirement.^^ PCBM 
is sufficiently soluble in DCM while P3HT is sparingly soluble in DCM allowing the 
possibility of spin coating PCBM layers on top of P3HT with minimum re-dissolution 
of the P3HT under-layer during the spin coating process.
2.2.3 Donor: Acceptor Bulk heteroj unctions (D:A BHJ)
The essence of the BHJ is to intimately blend D and A components in a bulk volume 
so that each D/A interface is within a distance less than the EDL of each light 
absorbing site.^^’^  ^The BHJ is similar to the D/A concept, but it exhibits an increased 
interfacial area for charge separation. Since the D/A interface is dispersed throughout 
the bulk, the exciton decay process is dramatically reduced as in the proximity of 
every generated exciton there is an heterojunction for dissociation (figure 2 .6 ).
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F igure 2.6: (a) Schematic representation of BHJ device structure, and the (b) Energy level 
diagram illustrating exciton dissociation and charge transport in BHJ system under short 
circuit condition.
Unlike in the case of bi-layer heterojunetion (also referred to as l a y e r e d d e v i c e  
structure, where the donor and acceptor phases contact the anode and the cathode 
respectively, the BHJ structure requires percolated pathways for the hole and electron 
transporting phases to the contacts. Hence, in BHJ structures the D and A phases fonn 
a bieontinuous and interpenetrating network. As a result, these devices are more 
sensitive to the nano-seale morphology in the film. Thermal annealing of the active 
layer thin films significantly improves the morphology, and thermally induced 
crystallisation leads to efficient exciton dissociation and better charge transport 
between the BHJ composite and the electrode leading to enhanced device 
perfonnanee.’^ ’’^
2.2.4 Diffuse Layered Heterojunctions
Diffuse layered heterojunetion device architecture is conceptually in between the bi­
layer (layered) and the BHJ deviee structures. This device structure aims to adapt the 
advantages of the both concepts: a high D/A interfaeial area and spatially
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uninterrupted pathways for the charge carriers to reach their corresponding electrodes. 
Recently, several groups have proved that the fabrication of layered D/A 
heterojunetion (bi-layer) results in the formation diffuse layered structure.
2.3 Enhancing the Performance Parameters of 
Polymer: Fullerene BHJ OP Vs
In this section, some recent approaches to improve the PCE of BHJ OPVs are 
discussed.
2.3.1 Device Engineering for Improved charge Transport
The insertion of ultra-thin (-1-10 nm) interfaeial layers between the metal cathode 
and the organic semi-conductor has significantly increased the and FF  It is
suggested that the lowering the effective work function of the Al electrode, and 
formation of a dipole layer which leads to a vacuum level offset between the organic 
layer and the electrode are the mechanisms for enhanced device performance.^^ Since 
the metal electrodes are suspected to quench the excitons in the active layer, exciton 
blocking layers, bathoeuproine (BCP), is introduced in the devices between the metal 
cathode and the active layer.^^ Additionally, these layers allow shifting of the 
maximum electric field intensity distribution of the absorbed radiation in to the active 
layer. On the other hand, the work function of the commonly used anode, ITO, can be 
increased by plasma treatm ents.Furtherm ore, the introduction of a layer of 
PEDOT:PSS^\ a molecularly doped conjugated polymer with a higher work function 
than the ITO^ ,^ has been reported to improve the organic solar device performance.^^ 
PEDOT:PSS behaves like metal and its conductivity can reach high values depending 
on the state of doping and morphological control by solvent treatment and 
annealing.^^
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2.3.2 Increasing the Absorption Range
Most of the conjugated polymers exhibit a band gap of -  2 eV Hence there is a 
clear mismatch between the absorption spectrum of these materials and the terrestrial 
solar spectrum which extends in to the near infrared (figure 2.7). Since EQE of the 
optimised polymer:fullerene solar cells currently exceeds 70% at the absorption peak 
and approach 1 0 0 % for internal quantum efficiency/^ the possible way to 
substantially enhance the optical absorption is to introduce low band gap materials. 
Hence, new materials with absorption extending to the 800-900 nm wavelength range 
are being considered for efficient photon harvesting.^^’^  ^ Recently introduced low 
band gap polymer PBDTTT has increased the PCE up to 6.77 %^  ^ and a polymer in 
PTB7 family has rendered higher PCE of 7.4%.^^
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Figure 2.7: Solar radiation spectra. AM 1.5 Direct (green line), AM 1.5G (blue line) and 
AMO (red line).
Another approach is to improve the absorption of the fullerene replacing C^o-PCBM 
with [6 ,6 ]-phenyl C7 1  butyric acid methyl ester (Cyo-PCBM).^^ Due to the increased 
absorption of the C70 methano-fullerene in the visible region, the EQE is increased 
compared to the same blend prepared from Cso -PCBM.^
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2.4 Maximum Achievable Efficiency from P3HT:PCBM 
Devices
P3HT:PCBM blends have been the dominating D:A composite in OPV research for 
more than five years. It is important to understand the maximum achievable efficiency 
from such a system. In the P3HT:PCBM system for EQE of 100%, the maximum
possible short circuit current density is about 18.7 mAcm~^ In a real device, it is 
impossible to achieve 100 % absorption by the P3HT:PCBM active layer composite 
due to the stacked nature of the active layer between electrodes and interfaeial layers. 
According to the reported values,^"  ^the number of photons absorbed by P3HT:PCBM 
active layer increases with the active layer thickness but not monotonically. In reality 
for a thickness of 400 nm active layer with internal quantum efficiency of 100% can 
render a maximum of 1 2 . 8  mAcmT^ whereas for quantum efficiency of 80 % current 
decreases to 10.2 mAcm"^. Hence, in practical situations the maximum achievable 
current density lies between 10-12 mAcm~^.
The Egg of organic solar cells has been extensively discussed over the years and 
widely propagated belief is linearly varies with the energy difference between the 
donor HOMO and acceptor LUMO.^^ In the P3HT:PCBM photovoltaic system, is 
directly related to the acceptor strength of the fiillerenes^^ and it has been repeatedly 
reported for P3HT:PCBM, the maximum value is around 0.6 V
While the average FF of P3HT:PCBM lies around 60 % ^^, the value of the FF  can 
be increased up to 6 8 % as a result of improved nano-scale morphology achieved by 
thermally induced morphological modifications.^^ These favourable morphological 
changes lead to better charge generation. Improved crystallinity and enhanced charge 
transport result in better charge collection at electrodes with reduced ultimately 
rendering higher F F .
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Hence, according to equation 2.10, the maximum achievable PCE from 
P3HT:PCBM system is 5.04 %. {PCE of 5 % has been reported^^).
2.5 Summary
In this Chapter, the fundamentals of the photovoltaic devices were discussed and a 
modified current-voltage equation which includes the parasitic effects was presented. 
The types of OPV device architectures: single layer, D/A bi-layer and D:A BHJ 
structures were discussed elaborating on the charge generation from excitons and 
charge transport processes in each system. Possible techniques to enhance the device 
performance of polymer: fullerene BHJ system were considered. For the given 
P3HT:PCBM photovoltaic system, considering the best possible Egg, and
F F  values the achievable highest PCE is 5 %, which has also been practically 
demonstrated; although typically the more common best reported PCE for BHJ 
OPVs of this material system varies between 3.5 - 4.0 %.
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Chapter 3 
Materials for Organic-Carbon Nanotube Hybrid 
Photovoltaics
3.1 Introduction
The performance of an OPV device strongly depends on the optical absorption of the 
semiconducting organic donor, dissociation of photo-generated excitons in to free 
charge carriers, and transport of these charge carriers towards the electrodes. Polymer 
based organic semiconductors have received much attention mainly due to their high 
optical absorption coefficients and ease of processing. Conjugated polymers are 
attractive donor materials for thin film PVs utilising an acceptor material with high 
electron affinity such as fullerene/fullerene derivatives.^
The first section of this Chapter discusses the organic photovoltaic materials, 
especially the conjugated polymers and fullerene derivatives, and their characteristics. 
Then the fundamental material properties which are required for photo-generation of 
free charge carriers, including the basics of the optical absorption, exciton generation, 
exciton diffusion and dissociation, charge transport and finally the charge collection at
30
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the electrodes are discussed in detail. The second section is devoted to CNTs based 
OPVs and the importance of CNT functionalisation for OPVs. These discussions lead 
to the final section which discusses a route to implementing the aims of this Thesis 
stated in Chapter 1.
3.2 Organic Photovoltaic Materials
3.2.1 Conjugated Polymers and Fullerene Derivatives
Third generation PVs are mainly based on semiconducting polymers where each 
carbon atom is bonded with alternating single and double bond (called conjugation). 
The extended conjugated carbon system, i.e. the backbone of the polymer chain, binds 
only three adjacent atoms leaving one electron per atom in the orbital which is 
orthogonal to the other three sigma bonds ( cr - bonds). The mutual overlap of these 
p^ orbitals between adjacent carbon atoms forms the k  - bonds along the conjugated 
backbone and hence délocalisés the tt electrons along the entire conjugation path. 
These delocalised Æ electrons make the polymer an intrinsic semiconductor. Highest 
filled energy level formed by these localised electrons is called the highest occupied 
molecular orbital 71, HOMO, and the corresponding lowest unoccupied energy level 
of the empty tv * band is called the lowest unoccupied molecular orbital, LUMO. 
Upon light absorption, electrons are excited from the HOMO to the LUMO. The 
energy difference between the LUMO and the HOMO or the band gap can be several 
eV  depending on the conjugation length. The presence of conjugated bonds along the 
backbone is considered to be the key property governing the charge transport of these 
polymers.^’^
The use of conjugated polymers stems back to the early days of OPVs when 
polyacetylene"^ and some of the polythiophenes^’^  were used as the active material. 
Despite these early investigations, the ultra-fast charge transfer occurring between the 
photo-excited polymers to the fullerene can be considered to be the turning point for 
OPV devices which are based on exciton generating donor and charge receiving 
acceptor materials.^ In 1993, Sariciftci et al.^ reported a photovoltaic cell based on the
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photoinduced electron transfer from a derivative of polyphenylene-venylene (PPV), 
poly[2-methoxy,5-(2’-ethylhexyloxy)-l ,4-pheneylene-vinylene] (MEH-PPV), to 
buckminster fullerene (Ceo) in a polymer-fullerene bi-layer heterojunetion 
photovoltaic cell with a PCE of 0.04 %, FF  of 0.48 %, and a of 0.5 E . In 1995,
with the invention of the bulk heterojunetion concept, Yu et al.^ developed an organic 
photovoltaic cell with MEH-PPV and fullerene. OPVs based on conjugated polymers 
were further researched, and in 2001, devices fabricated with a blend of another PPV 
derivative, poly(2-methoxy-5-(3 ’,7’-dimethyloctyloxy)-p-phenylene vinylene) 
(MDMO-PPV) and fullerene derivative [6 ,6 ]-phenyl Côi-butyric acid methyl ester 
(Côo-PCBM) showed a much improved PCE value of 2.5%, which was the highest 
value reported at the time.^^
PPV has an energy band gap of 2.5 eV  with MEH-PPV being the most commonly 
investigated derivative of PPV. MEH-PPV has a LUMO value of 2.82 eV  and a 
HOMO value of 4.94 eV ? The wider band gap and the poor crystallinity^^ observed 
in these PPV derivatives were unfavourable for satisfactory device performance under 
solar radiation. In order to enhance the device performance of OPVs, research efforts 
during the last ten years have focused on low band gap polymers. Most of the low 
band gap polymers discussed in the literature are based on polythiophene^^ which 
have a band gap of 2.0 eV
Polythiophene (PT) consists of a conjugated backbone that incorporates periodic 
thiophene rings, with alkyl side chains present to increase the solubility. In PTs, 
thiophene rings are coupled at the 2 & 5 positions in the ring allowing the conjugation 
along the polymer chain.^ Since PTs are polymerised through the 2 & 5 positions, 
substitution introduces directionality in the polymer. In the polymerisation process, a 
monomer (repeating unit of the polymer) can be incorporated to the growing polymer 
chain at the head (2-position) or the tail (5-position). This gives the possibility for a 
regular material where all the molecules add in head to tail fashion (HT) or random 
head to head (HH) or tail to tail (TT) coupling. This property of addition of monomer 
in particular with the direction is called regioregularity (known as regio-random 
(RRa) and regio-regular (RR)).^^
Materials for Organic-Carbon Nanotube Hybrid Photovoltaics 33
One of the most prominent PTs, and thus far the most investigated in organic 
photovoltaics is poly(3-hexylthiophene) (P3HT) which has a band gap of 1.9 eV  
Figure 3.1 shows the structure of P3HT. The wavelength corresponding to the highest 
absorption increases with an increasing molecular weight and the absorption
spectrum becomes broader up to 600 nm The regioregularity of P3HT is of great 
importance for charge transport and carrier mobility as these characteristics of the 
polymer depend on the regularity of the side chains in P3HT.^^ This leads to high
charge carrier mobilities in pure P3HT approaching 0.1 cm ^  F 5 “  ^which is among 
the highest reported for conjugated polymers. Altogether the merits of low band gap, 
high conductivity and high charge carrier mobility render P3HT a good candidate as a 
donor in OPVs.^^
Figure 3.1: The structure of poly(3 -hexylthiophene) in HT couplings.
The existence of a molecular phase with high electron affinity (acceptor molecule) in 
the polymer blend assists in the dissociation of excitons at the D/A interface, followed 
by an efficient charge transfer.^ Therefore, in a D/A blend, the photo-generated 
excitons are likely to be dissociated at the D/A interface due to the built in potential. 
The resulting electrons are energetically likely to move into the phase with greater 
electron affinity whereas for the photo-induced holes, it is energetically favourable to 
remain in the polymer phase with smaller ionisation potential such as P3HT. These 
separated charge carriers are then transported towards the respective electrodes 
through the nano-scale interpenetrated network formed by the D/A molecules.
Although several organic molecules have been investigated as electron acceptors,^^ 
fullerene derivatives^^ remain as the most efficient acceptor utilised in OPVs as
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observed in studies of OPVs based on (Ceo-PCBM) and [6 ,6 ]-phenyl C71 butyric acid 
methyl ester (Cyo-PCBM).^ The molecular structure of Ceo-PCBM and C70-PCBM are 
shown in figure 3.2.
(a) (b)
.OCH3
F igure 3.2: Molecular structure of (a) Côo-PCBM and (b) C70-PCBM.
Among the many benefits of using PCBM derivatives as acceptors for OPVs are, its 
reasonable space charge limited electron mobility of 2 x 1 0 “  ^ (see reference
21) and the capability of dissolving Ceo-PCBM and C70-PCBM in organic solvents 
compared to Cgo and C70. Therefore, well solubilised homogeneous active materials 
mixtures can be obtained from Ceo-PCBM and C70-PCBM. This is of extreme 
importance in obtaining a thin film of the active layer consisting of a continuous D 
and A network with a smooth surface, which is required for reduced charge 
recombination. Furthermore, PCBM can form a good nano-scale interpenetrating 
network with P3HT, resulting in the formation of charge separating heterojunctions 
throughout the blend which assist in efficient exciton dissociation and charge 
transport.
In 2002, the first encouraging results in tenns of photovoltaic device performance 
from P3HT:PCBM based BHJ solar cells was reported using weight percentage of the 
two components of 1:3.^" Major developments of this material combination have 
continued in optimising the structural order of the active layer, especially through 
device annealing conditions. Thermal annealing produces and stabilizes a nano-scale 
interpenetrating network with a crystalline order for both P3HT and PCBM
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components, which leads to P3HT based devices performing more efficiently than 
MEH-PPV based p o l y m e r s . T h e  control of the morphology of the BHJ structure to 
ensure maximum exciton dissociation at the D/A interface and charge transport 
through the structure was attributed as a key factor for high performance of these 
devices. Since then, by optimising the device fabrication techniques with the best D:A 
combination (P3HT:PCBM), higher efficiencies approaching 4.4 % and 5.0 % 
have been reported.
3.3 Physics of Polymer:Fullerene BHJ Solar Cells
3.3.1 Photon Absorption by the Polymer
Optical transmission of an organic semiconductor can be explained using the Beer- 
Lambert Law, through the absorption coefficient a , and the thickness d  (equation 
3.1).
3.1
The incident light intensity / q is attenuated while travelling through the organic
semiconductor for a distance d  in an exponential manner as indicated above, 
resulting a transmitted intensity of I .
Conjugated polymers are classified as high absorption coefficient materials of the 
order of 10  ^cm~^ Hence, the active layer of polymer based OPV can be much 
thinner than the silicon devices for the equivalent absorption, and few hundred nano­
meters is sufficient to absorb all the energy at their peak wavelength absorption.
Absorption of photons by conjugated polymer creates electron-hole pair through the 
promotion of electrons from the HOMO to the LUMO leaving holes in the HOMO to 
form excited states called excitons.
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3.3.2 Exciton Creation
Light absorption by organic semiconductors leads to the formation of Coulombically 
bound electron-hole pairs or excitons. The low dielectric constant of organic 
semiconductors results in the generation of strongly bound, short range Frenkel or 
charge transfer (CT) type excitons.^^’^  ^On the other hand, higher dielectric constants 
reduce the Coulomb attraction between the hole and the electron leading to more 
spatially spread excitons (Mott-Wannier type exciton) in inorganic semiconductors. 
Hence, the magnitude of the exciton binding energy {E^ )  of the exciton in organic 
material is of interest as it determines the probability of dissociating the exciton. The 
exciton of the polymer has been experimentally derived from the photovoltaic 
response study of diodes and is calculated to be in the range of 300-600 meV
3.3.3 Exciton Diffusion and Dissociation
Thermal energy at room temperature (25 m eV) is not sufficient to dissociate the 
exciton due to the high E^ (~ 0.4 eV )^  ^ associated with the conjugated polymers 
(mostly for derivatives of PPVs, PTs). Therefore in OPVs, an efficient electron 
acceptor is required to dissociate the strongly bound exciton into free charge carriers 
through the creation of an in-built potential at the D/A interface.^ ^  As the reported 
value for the EDL in the range of 5-10 is significantly less than the optimal 
thickness (~ 200 nm for P3HT^^) required for efficient light absorption, the efficiency 
of the devices based on bi-layer (layered) device architecture is limited to the number 
of photons absorbed within the effective EDL from the D/A interface. However, the 
issues associated with the short EDL is circumvented through the invention of BHJ 
devices.^
Diffusion of the photo-generated exciton towards the D/A interface is important as it 
governs the free charge carrier formation. Hence, exciton diffusion is a beneficial 
process for polymer based PVs. In an ideal BHJ architecture, all excitons would be 
formed within a diffusion length from the D/A interface and hence have a higher
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probability of reaching a heterojunetion within the exciton migration time before 
recombination. Consequently, such a bieontinuous and interpenetrating network 
allows an increase of optical thickness value. This increase in the thickness is 
favourable in enhancing the optical absorption, charge generation, and it ultimately 
contributes to enhance the .
In molecular solids, it is generally accepted that the field and temperature assisted 
dissociation of excitons results in the formation of free charge carriers.Onsager  
theory describes the field dependence of the charge generation process, and describes 
the dissociation of a bound electron-hole pair as a diffusive Brownian motion of the 
charges within their Coulombic potential modified by an applied electric f i e l d . T h e  
dissociation efficiency is dependent on the initial separation distance of the charge 
carriers and the strength of the applied electric field, fri conjugated polymers, field 
assisted PL quenching has demonstrated the importance of a strong electric field 
required to dissociate the neutral excitonic state.^^ On the other hand, it has been 
proposed that the exciton directly dissociates into free charge carriers as the excess 
photon energy (i.e. the excess energy as a result of absorption of photons with an 
energy greater than the band gap) can assist in the dissociation of the exciton at the 
D/A interface.^^ Furthermore, it has also been pointed out that that excess energy of 
the hot carriers formed after charge transfer governs the initial separation distance 
between the bound electron and hole, and thus the dissociation efficiency.^^
3.3.4 Charge Transport
Upon exciton dissociation at the D/A interface and subsequent charge transfer, the 
electrons are localised in the PCBM phase whereas holes remain in the polymer 
chains. Subsequently, these free charge carriers are transported via percolated 
acceptor and donor networks towards the respective electrodes to produce the photo­
current. Hence, electron transport in the acceptor material and hole transport in the 
polymer chains are crucial in optimising the performance of the OPV devices.
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3.3.5 Extraction of Charge Carriers at the Electrodes
In the classical mctal-insulator-mctal (MIM) model, in the first order
approximation is governed by the work function difference of the anode and cathode. 
It should be emphasised that this holds for the case where the Fermi levels of the 
contacts are within the band gap of the insulator and are sufficiently far away from the 
HOMO and LUMO levels. In the situation of Ohmic contacts, where the negative and 
positive electrode match the LUMO level of the acceptor and the HOMO level of the 
donor, respectively, charge transfer of electrons or holes from the metal into the 
semiconductor should occur in order to align the Fermi level at the negative and 
positive electrodes. However, the presence of surface dipoles in the active materials 
leads to the screening of the Fermi level (of the active layer) and in turn to pinning of 
the work function of the metal contacts. As the work functions of the metal electrodes 
are pinned close to the LUMO/HOMO level of the semiconductor, the charge 
extraction from the device proceed in an efficient manner. In terms of of OP Vs, it
is believed that the to be governed by the energetics of the LUMO of the acceptor 
and the HOMO of the donor for BHJ unlike in the case of MIM model where the 
difference between the work functions of the contacts determines the
3.4 P3HT:PCBM BHJ OPVs
The fundamental processes; exciton generation, exciton dissociation, charge transport 
and the extraction at the electrodes discussed above are, schematically represented in 
figure 3.3 for the P3HT:PCBM BHJ OPVs. (The corresponding energy level data are 
obtained from references.
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Figure 3.3: Schematic band diagram of the P3HT:PCBM BHJ system with BCP and 
PEDOT:PSS interfacial layers, and ITO and A1 electrodes. The basic operations; photon 
absorption (1), exciton creation (2), exciton dissociation (3) and charge transport (4) (which 
are detailed in section 3.3) are depicted in the diagram.
The BHJ concept involves the spontaneous phase separation o f  D (P3HT) and A  
(PCBM) and the formation o f  se lf assembled nano-scale heterojunctions within the 
P3HT/PCBM network. As a consequence o f  this spontaneous phase separation, 
charge separating heterojunctions are formed throughout the active layer. Excitons 
diffuse towards a heterojunction before recombination and are dissociated at the 
P3HT/PCBM interface. The ultra-fast charge transfer from the semiconducting 
polymer to fullerenes guarantees that the internal quantum efficiency for charge 
transfer at the interface approaches 100% with electrons transferring to the PCBM  
network and holes remaining on the P3HT network.^ '^"^  ^ The electrons migrate 
towards the lower work function metal contact (Al, LWFE with work function o f  4.3 
eV )  while the holes migrate towards the higher work function metal contact (ITO, 
HWFE with work function 4.7 eV ).
During the last few years several methods have been developed to optim ise the 
interpenetrating network fom ied by P3HT and PCBM through controlling the
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morphology by solvent annealing (slow drying) and thermal annealing. The series 
resistance of the polymer BHJ photovoltaics can be significantly reduced by self­
organisation of P3HT. Also, highly ordered P3HT chains tend to pack into planar 
structures and these closely packed structures are responsible for higher optical 
absorption and improved charge transport properties.^^ This kind of polymer chain 
alignment is achieved by controlling the growth rate of the active layer from solution 
to solid state or solidification time (during solvent annealing). A slow growth assists 
the formation of a self-organised ordered structure in the P3HT/PCBM blend system. 
The improved order is reflected in the higher hole mobility and higher FF  due to the 
reduced series resistance and hence, enhanced charge carrier transport. The surface of 
the active layer becomes smoother on annealing which enables a very good defect- 
minimised contact with the metal cathode. Several detailed morphological studies 
have revealed that the organisation of the P3HT:PCBM is modified upon thermal 
annealing with fibre like P3HT crystals being formed in a matrix of PCBM and 
P3HT?’
3.5 Organic-Carbon Nanotube Hybrid PVs
Carbon nanotube and polymer composites were initially reported by Ajayan et al. in 
1994.^  ^ In 1998, MWCNTs and PPV composites were prepared and authors claimed 
the helical structure of the polymer chain helps MWCNTs dispersion in organic 
solvents."^  ^ The tt- conjugated polymeric structure in PPV and the extended 
delocalised tt electrons in carbon nanotubes were advantageous for polymer-nanotube 
interaction and motivated the researchers in applications of nanotubes for OPVs.^^ 
The first report of carbon nanotubes in OPVs can be traced back to the work reported 
by Ago et al.^  ^ in 1999 where MWCNTs acted as the front electrode. The device 
structure glass/MWCNT/PPV/Al yielded a F F  of 23% with a PCF of 0.081%."^^
Single wall carbon nanotubes (SWCNTs) were one of the candidates for the BHJ 
active layer material and were introduced to OPVs in 2002. SWCNTs were expected 
to act as electron acceptors in the blend of poly(3 -octylthiophene) (P30T) and 
S W C N T s . F o r  these devices PCE of 0.04% was achieved through dispersion of
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nanotubes in chloroform by ultrasonication. From the observed device performance, 
Kymakis et al/^ concluded that the polymer-nanotube interaction allows dissociation 
of the photo-generated excitons in the polymer and that the nanotubes transport the 
electrons towards the electrode. The dissociation of the exciton was thought to be 
assisted by the high electric field present at the polymer-nanotube interfaces within 
the matrix, which is favourable for exciton dissociation. In 2003, an active layer 
consisted of P30T and SWCNTs was demonstrated a 0.75 F and PCE o f
480.06%.
In 2005, Pradhan et al."^  ^ reported the use of fimctionalised MWCNTs in a P3HT 
polymer matrix, utilising a bi-layer structure of ITO/P3HT-MWCNT/C6o/Al. In this 
report it was concluded that the high field at the polymer-nanotube interfaces made it 
possible for faster exciton dissociation with nanotubes transporting electrons towards 
the electrode. Although the literature suggests fimctionalised nanotubes offer better 
performance in OPVs, Berson et al.^° used 0.1 wt% of non fimctionalised MWCNTs 
and SWCNTs in a P3HT/PCBM device structure and was able to achieve a PCE of 
2.0% in 2007. The authors claimed an increase in the carrier mobility in the nanotube- 
polymer matrix and better hole injection to the MWCNTs from the blend has resulting
in a value of 93mAcm~^.
The incorporation of acid fimctionalised SWCNTs in OPV device architecture was 
addressed by Kymakis et al.^  ^ in 2008 where a PCE of 1.4% was reported with
of 4.95 m Acnf^ , of 0.55 V and FF  of 52% in comparison to the reference
device PCE of 1%. A low nanotube concentration had been used in their experiments 
since the high concentrations had resulted in short circuits. The authors proposed that 
the observed enhancement in the device characteristics was mainly due to better 
electron transport through the nanotube percolation paths suppressing charge 
recombination.^^
In 2009, Wu et al.^  ^reported the fabrication of an OPV device through incorporation 
of 0.01 wt% MWCNTs into P3HT:PCBM resulting a of 0.52 F , y  of
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\\32>mAcm ^ , FF  of 54.62% and PCE of 3.47%. In this work, the authors claimed 
that the interaction between the MWCNTs and the polymer facilitates the molecular 
organisation of P3HT and concluded that the increased PCE values are due to the 
faster carrier transport in the film.^^
Currently, CNTs have shown immense potential for successful incorporation in 
polymer:fullerene organic photovoltaics. However, development of such hybrids 
needs to overcome some serious obstacles such as dispersion of nanotubes in organic 
solvents. Carbon nanotubes do not spontaneously disperse in polymers. Hence, the 
chemistry and physics of dispersion will play a crucial role. However, this limitation 
can be overcome by introducing various functional groups on the nanotube surface 
that help the dispersion in the composite material. During the last few years 
significant effort has taken place in enhancing the device performance of organic- 
nanotube OPV devices however, with limited success.
3.6 Carbon Nanotube Functionalisation
Carbon nanotube functionalisation is an actively discussed topic in contemporary 
nanotube literature. The Van der Waals attractions between the nanotubes cause 
pristine CNTs to agglomerate together in order to minimise their surface energy 
leading to formation of bundles. As a result, the nanotubes are difficult to disperse or 
dissolve in most organic and inorganic solvents. The poor interactions with organic 
solvents as well as the hydrophobic and inert nature of CNTs are unfavourable for 
obtaining a better dispersion. This complicates the efforts to utilize the nanotubes’ 
outstanding physical properties in the manufacture of composite materials, as well as 
in other practical applications which require preparation of uniform dispersion of 
CNTs with different organic, inorganic, and polymeric materials. Therefore, it is 
important to improve the functionality of the CNT through chemical processes.^^ The 
dispersion and separation of nanotubes from tight bundles open new avenues in the 
field of carbon nanotube based OPV device fabrication where a uniform thin film and
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a possibility to form a better surface morphology through interpenetrating network 
with the organic material is required at the nano-scale.
To make nanotubes more easily dispersible in liquids, it is necessary to chemically 
attach certain molecules, or functional groups (called functionalisation), to their 
smooth sidewalls without significantly changing the nanotubes’ desirable properties. 
Functionalisation allows the isolation of individual tubes which is essential for 
dispersion in solvents. Although it is possible to wet CNTs in hot nitric acid^ "^  
shortened nanotubes can only be obtained with harsh conditions. Therefore, a 
vigorous treatment is required to separate these bundles into individual nanotubes. 
Acid treatment is one of the most widely used processes to purify, shorten and to add 
a functional group which ultimately has the capability to disperse CNTs in aqueous or 
organic solvents such as DCB. This process is known as acid functionalisation and is 
based on oxidation of CNTs in concentrated nitric and sulphuric acids mixed at a 1:3 
ratio. '^  ^ (these functionalised nanotubes are abbreviated as 0-SWCNTs or O- 
MWCNTs). Sonication of the mixture of nanotubes in concentrated acid can separate 
the bundled CNTs into individual nanotubes exposing the CNT surface. The acid 
treatment can also open up the end caps of the nanotubes and further derivatives are 
formed at these sites and at the side w alls .S trong  acids oxidise the nanotube surface 
which are terminated by carboxylic acid (COOH) groups.^^’^  ^ The presence of 
carboxylic groups on nanotube ends and side walls represents useful sites for ftirther 
modification since they enable the covalent coupling of molecules. From this method, 
the nanotubes can be provided with a wide range of functional moieties to enhance 
their dispersion. Refluxing of these acid and nanotube mixture in an oil bath at high 
temperatures for a long time allows the removal of impurities in the mixture such as 
amorphous carbon and large aggregates in the mixture. Nanotubes fimctionalised 
according to this procedure retain their pristine eleetronic and mechanical properties 
to an acceptable level.^^
Among the various approaches for functionalisation, the most general include acid 
and amine functionalisation of nanotubes. CNTs functionalised by the direct addition 
of amine groups (called amine functionalisation) is of great interest to the scientific
Materials for Organic-Carbon Nanotube Hybrid Photovoltaics 44
community due to the high reactivity amine g r o u p s .O n e  of the most frequently 
applied amines is octadecylamine (CDA) where the functionalisation of CNT with 
ODA allows the preparation of soluble nanotubes by attaching NH2 (CH2 )nCH 3  at the 
end groups.^^ Apart from amines, aromatic polyamides^^ and aniline derivatives^^’^  ^
have also been used to disperse CNTs in organic solvents.
3.7 Summary
Organic materials used for photovoltaic device fabrication were considered and the 
importance of conjugated polymers and fullerene derivatives in OPV device 
performance was discussed. Physical processes occurring in the P3HT:PCBM BHJ 
device architecture was elaborated. Potential applications of CNTs in OPVs were 
discussed leading to organic-carbon nanotube composites for hybrid PV fabrication. 
For improved dispersion of CNTs in organic solvents, CNTs functionalisation was 
considered with the acid functionalisation procedure being discussed in detail.
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Chapter 4
Experimental Techniques
4.1 Introduction
Experimental techniques utilised during the work are presented in this Chapter. 
Intially, the thin film characterisation of the photo-active layers utilising 
morphological and optical characterisation techniques are discussed. Then, active 
layer depostion, thermal evaporation of exciton blocking layer and electrodes are 
discussed. Finally, the PV device characterisation methodology used is presented. The 
information on experimental techniques for this Chapter is taken from references 
W aser\ Ferraro^ and Wartewig^ and the correponding manuals of the equipment 
used.
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4.2 Thin Film Characterisation
4.2.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a technique used for micro-structural 
characterisation of materials at length scales not achievable through optical 
microscopy.
In SEM, the generation of a high energy electron beam is achieved either through a 
thermionic emission source or a field emission source. The emitted electrons are 
condensed and then focussed using a series of electromagnetic (EM) lenses (figure 
4.1). Upon the electron beam interacting with the sample, backseattered electrons, 
secondary electrons. Auger electrons and characteristic X-rays are emitted. Secondary 
electrons, the species usually used for micro-structural characterisation are created 
due to the ionisation of atoms in the material as a result of its interaction with the 
incident electrons. The kinetic energy of the secondary electrons depends on a number 
of factors such as the atomic number and the surface morphology of the sample under 
test, which leads to contrast in electron microscopy. The emitted secondary electrons 
are collected by the detector which is used for the generation of an image of the 
micro-structure.
For the work discussed in this Thesis, an FEI Quanta 200F Environmental Scanning 
Electron Microscope was used.
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Figure: 4.1: The schematic illustration of a SEM showing the electron column and the 
electron detectors.
4.2.2 Atomic Force Microscopy
Scanning probe microscopy is a technique where chemical or electronic interactions 
are used to generate information about the surface of a given luaterial. Atomic force 
microscope (AFM) is a type of scanning probe microscope through which local 
properties such as height, friction, magnetism and eleetrical properties can be 
measured.
In an AFM, the probe consists of a cantilever with a sharp tip at the end which is used 
to generate information of the surface being probed. During scanning, piezoelectric 
elements are used in order to control the height between the tip and the sample. When 
the tip scans the proximity of the sample surface, the force between the molecules of 
the sample and the tip leads to the deflection of the cantilever. There are two 
operations in the AFM, contact mode and non-contact mode. In contact mode, the tip 
is in physical contact with the sample where inter-atomic forces cause the tip
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deflection. In tapping mode, the defleetions are eaused by Van der Waals forces that 
act over a length seale.
During tapping mode operation, the tip is driven by a vibration at a fixed frequeney 
and amplitude which do not change as long as the interaction between the tip and the 
sample surface remains unaltered. Variations in the height of the sample surface leads 
to a ehange in the Van der Waals forces which results a change in the amplitude of the 
tip oscillation. This shift of amplitude is measured by the reflection of a laser beam 
incident on the cantilever. The reflected beam is collected onto an array of photo­
diodes. The shift of this amplitude is a measure of the surface roughness of the 
sample. Upon the detection of a change in the tip amplitude, a feedback system 
present in the AFM changes the tip amplitude to its original setting.
Collimator
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Figure 4.2: Schematic representation of an AFM instmment.
A Digital Instruments Dimension 3100 AFM was used for topographical imaging. 
Figure 4.2 depicts the schematic of the AFM.
4.2.3 Ultraviolet, Visible and Near-Infrared Absorption Spectroscopy
UV-VIS-IR spectrophotometer (UV-Vis) is used to measure the optical transmission 
through the samples. When electro-magnetic radiation passes through the sample, the 
intensity of the transmitted beam is attenuated due to the photon absorption by the
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material. The relationship between the incident beam intensity and the transmitted 
beam intensity is given by the Beer-Lambert’s Law and is expressed as shown below.
I  —/q e - a d 4.1
Where 1^ - intensity of the incident beam
I - intensity of the transmitted beam
a - absorption coefficient
d - thickness of the sample
a d - absorbance
The absorption coefficient becomes
a =  In
d
4.2
The absorbance is given by
a d  =ln
J
4.3
The optical transmission of the beam through the sample can be expressed as
7’= — 4.4
h
The optical transmission is calculated based on the light collected at a detector placed 
behind the sample holder in the absence of the absorbing material of interest and the 
light collected in the presence of the light absorbing materials of interest.
A Varian Cary 5000 UV-VIS-IR spectrometer was used in this work. The wavelength 
range for the ultraviolet radiation is obtained from a mercury lamp and visible to near
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infrared radiation from a tungsten-halogen lamp. The light beam from the source is 
made parallel by the two collimators and the wavelength is split by two gratings. Then 
the transmitted beam is focussed on to a detector.
4.2.4 Photoluminescence Spectroscopy
When a sample is excited with light, electrons within the material can be excited into 
permissible higher energy states. When these electrons return to their equilibrium 
state, the excess energy of the electrons is dissipated through the emission of light 
(radiative process) or not (non-radiative process). In the case of photo-excitation, this 
luminescence is called as photoluminescence (PL). The emitted photon energy is 
related to the difference of the energy states of the electron transition, and is a direct 
measure of the band gap energy of the material. The time period between the 
absorption and emission is extremely short and is in the order of 10 n s . The simplest 
photoluminescent process is resonant radiation in which the energy of the emitted 
photon is same as the absorbed photon without involving in any internal energy 
transitions. In another situation, the excited electron undergoes internal energy 
transitions and then relaxes to the ground state emitting a photon and such an effect is 
called fluorescence (figure 4.3).
PL spectroscopy is a non-destructive optical technique for probing energy levels that 
lead to radiative recombination of these excited electrons. While the most common 
radiative transition in semiconductors is between the energy levels in the conduction 
band and valence bands, recombination at defect centres situated in the band gap can 
also lead to photoluminescence. This emitted light can be collected and analysed to 
yield a wealth of information about the photo-excited material.
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Figure 4.3: Electron transitions between the energy states resulting in radiative and non- 
radiative recombinations.
PL spectroscopy of active layer thin films can be used to examine the recombination 
mechanisms occurring in the system. Reduction of PL counts from such a system 
indicates that the radiative recombinations are low, and for heterojunctions based thin 
films this phenomenon can be related to dissociation of the exciton at the D/A 
interface. Since defect states also considered being recombination centres, reduction 
of PL counts can be used to examine the defect states in the system. Hence, PL 
spectra are considered to be of extreme importance in identifying exciton 
recombination and dissociation processes, as well as radiative charge trapping in 
organic materials.
During this study, in order to probe the recombinations occurring in the photovoltaic 
system, PL spectra of thin films were obtained using a Cary Eclipse fluorescence 
spectrophotometer with suitable excitation wavelengths. The schematic of the PL 
measurement kit is shown in figure 4.4.
Experimental Techniques 55
Xe Lamp
Excitation
M onochrom ator
Emission
.Monochromator
Sample
Photo-detector
F igure 4.4: Schematic of the Cary Eclipse PL kit.
4.2.5 Raman Spectroscopy
Scattering of light can be observed when photons encounter an obstacle or non­
homogeneity in the scattering material. While most of the photons are elastically 
scattered (i.e. the emitted photon is of the same frequency as the incident photon, also 
called Rayleigh scattering), inelastic scattering due to the interaction with the material 
(phonons) leads to the emission of photons with an energy ( Ej ) that is different to 
that of the incident photons’ energy (Eg). This ehange in energy {A E )  for the
emitted photons is measured as a shift from the incident beam energy. Depending on 
whether the emitted photon has a lower or higher energy, the Raman scattering can be 
classified either as Stokes scattering or anti-Stokes scattering process (figure 4. 5).
Raman spectroscopy detects these scattering as a result of interactions of light with 
matter. Particularly, this technique exploits the existence of Stokes and anti-Stokes 
scattering to examine molecular structure.
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Figure 4.5: Types of scattering by a molecule upon excited by a photon.
In all three types of scattering, the incident photon energy excites the moleeule from a 
ground electronic state to one of the virtual states located between the ground state 
and first electronic states. The type of Raman scattering depend on how the molecule 
relaxes after excitation. Rayleigh scattering is the most common transition and anti- 
Stokes transition is the least common since it requires the molecule to be in a 
vibrational state before photon hits.
The energy difference between the incident and scattered photons associated with the 
Stokes and anti-Stokes transitions is expressed in wavenumbers. Usually this is 
measured as the change in the wavenumber from the incident photons’ wavenumber 
and called as Raman shift. Raman shift (A w )  can be given as
A w  = 4.5
Where,
Àq - excitation wavelength and A, - emitted photon’s wavelength
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Vibrational information are specific to chemical bonds, hence usually Raman shift can 
be used in identifying the molecule. Raman spectroscopy can provide information 
regarding both inorganic and organic chemical species. For organic molecules the 
typical Raman active range is 500-2000 cm~ .^
During the course of study, Raman spectra of active layer thin films were obtained 
from a Renishaw micro-Raman system with 514.5 nm Ar+ lasers. The use of this 
wavelength leads to a strong Raman signal for sp  ^carbons due to its higher interaction 
cross section (or resonance effect) for photons of this energy.
4.2.6 Infrared (IR) Spectroscopy
IR spectroscopic analysis is used to determine the chemical functional groups in the 
sample. Different functional groups absorb characteristics frequencies of IR radiation. 
The energy of IR radiation is not sufficient to induce electronic transitions in the 
material as can be achieved through UV or visible radiation. However, infrared light 
induces transitions between the vibrational energy levels (small energy differences) of 
the molecule and directly measures the natural vibrational frequencies of the atomic 
bonds in the molecule. These frequencies depend on the masses of the atoms involved 
in the vibrational motion, the strength of the bonds, the bond length and the angle 
between the bonds which determine the structure of the molecule. Thus IR 
spectroscopy is an important technique for structural analysis and compound 
identification.
For a molecule to absorb IR radiation, the vibrations within the molecule must cause a 
net change in the dipole moment of the molecule. The alternating electrical field of 
the IR radiation interacts with fluctuations in the dipole moment of the molecule. If 
the frequency of the radiation (energy associated with IR radiation) matches the 
vibrational frequency (vibrational energy) of the molecule then radiation will be 
absorbed, causing a change in the amplitude of molecular vibration. Therefore, for a 
vibrational mode to be IR active, a net change in the dipole moment must occur. In
Experimental Techniques 58
this vibrational spectroscopy, wave number unit (cm ^), reciprocal of the wavelength, 
is typically used.
For the IR spectroscopic studies conducted in this work, a Varian 660-IR Fourier 
Transform Infrared Spectrophotometer was used.
4.3 Device Fabrication
4.3.1 Substrates Cleaning
IniOgiSn (indium tin oxide (ITO)) coated glass substrates (Lumtec, sheet resistance ~ 
15 El/sq)  were cleaned by ultrasonication in acetone and methanol for 10 minutes 
each. The ultrasonic water bath operates in frequency range of 32-38 kHz. Further 
cleaning process was carried out using an EMS1050X Plasma Asher unit for 5 
minutes to remove remaining organic residue from the ITO surface before device 
deposition.
4.3.2 Photo-active Thin Film Deposition
The solution processable photo-active layers of P3HT:PCBM, P3HT:p- 
MWCNTsiPCBM, P3HT:0-MWCNTs:PCBM were dropped on to cleaned ITO 
glasses and evenly spread thin films were obtained by spinning due to centrifugal 
forces. A two step spin coating process was utilised throughout the course of research. 
In the first step, the active layer was spun at 1000 rpm for 40 S to form a uniform thin 
layer of the given composite. A second step at 1500 rpm for 5 S was utilised to get rid 
of the excess solvent (DCB) collected at the sample edge from the active layer. After 
the spin coating process, thin films were allowed to dry slowly in a closed glass Petri 
dish (60 mm diameter, 15 mm height) at room temperature for 40 minutes, and then 
annealed at 125°C for 10 minutes. The active layer spin coating process was carried 
out in a nitrogen filled MBRAUN glove box.
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The thicknesses of the films were determined by an alpha-step 200 profilometer. The 
thickness of the final film was found to be dependent on the concentration of the 
solution, spin speed and time.
4.3.3 Thermal Evaporation of BCP and Al
The spin coated and annealed films were transferred to the thermal evaporator 
(Edward multi-crucible evaporator and Moorfield multi-crucible evaporator). The 
hole blocking layer, BCP (Sigma Aldrich), was deposited through sublimation from 
an electrically heated crucible. The Al electrode was deposited using a 99.9999% pure
(Sigma Aldrich) 1 mm^ Al wire, evaporated from an electrically heated tungsten 
filament. 5 nm BCP and 70 nm of Al were deposited on top of the dried active layer
thin films under vacuum o f -  8x10"^ Torr. The rate of evaporation and the thickness 
was monitored using a calibrated quartz crystal thickness monitor attached to the 
evaporator.
Fabricated devices were then characterised immediately.
4.4 Device Characterisation
4.4.1 Standard Spectrum
The efficiency of the PV device is sensitive to the power and spectrum of the incident 
light. Sunlight is attenuated by at least 30% during its passage through the Earth’s 
atmosphere. Rayleigh scattering or scattering by molecules and dust particles in the 
atmosphere attenuates sunlight at short wavelengths and water and carbon dioxide 
molecules attenuate the radiation in the infrared region of the spectrum. The degree of 
attenuation is highly variable. The most important parameter in determining the total 
incident power under clear conditions is the optical path length of the radiation 
through the atmosphere. This is shortest when the sun is directly overhead (the sun is 
at its Zenith). The ratio of any actual path length to this minimum value is known as
Experimental Techniques 60
the optical air mass. When the sun is directly overhead, the optical air mass is unity 
and the radiation described as air mass one (A M I) radiation. When the sun is an 
angle 6^, the air mass is given by
Air Mass=- 1
Cos 6-,
4 .6
Since the sun is not directly overhead worldwide, it has w idely been agreed that a 
value o f  A M I.5 should be used as an average value for teiTcstrial applications and it is 
the standard spectrum o f  sun at Earth’s atmosphere (figure 4.6).
AM = P/Pq = sec 02 
0 2 -ZENITH ANGLE
ZENITH
AM 2.0------
 ^60.1°
AM 1.5 
^  48.2°
AM 0
AM 1.0ATMOSPHERE
EARTH
\\\V
Figure 4.6: Calculation of air mass with respect to the Zenith angle
For reference solar cell characterisation, A M I.5 G (combination o f  direct sunlight and 
diffuse component o f  sky light) distribution is used which cumulates to an integrated 
power density o f  1000 Wm~~ with an integrated photon flux o f  
4.31x10"’ 5"'777distributed over a wavelength range o f  280-4000 77777. Since, the 
Xenon (Xe) arc simulators are acknowledged to provide the closest match to these 
standard light conditions, 300 W Xe arc lamp combined with relevant optics and
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filters is used in solar simulators to produce AM1.5G spectrum with required 
illumination of 1000 Wm~~.
An Oriel solar simulator (Newport Co-operation) was used for AM 1.5G simulation in 
this work. Oriel 81160 is a class B simulator according to lEC 60904-9 with a non- 
uniformity of irradiance at < 5 %. Photovoltaic current-voltage characteristics are 
performed according to standard test conditions defined in lEC 60904-3 standard.
4.4.2 Current-Voltage characteristics
The current-voltage (I-V) characteristics of the devices were measured using a 
Keithley 2425 source meter with the aid of a four probe technique under both dark as 
well as upon exposure to the stimulated AM1.5G light at room temperature. The 
figure 4.7 illustrates the experimental setup for the retrieval I-V data for PV 
characterisation.
AM1.5G simulated light
Glass substrate
ITO (front electrode)
Active layer
Al (rear electrode)
Keithley 2425
Figure 4.7: Photovoltaic output characteristics measurement setup
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The Keithley 2425 is capable of sourcing a voltage whilst recording the photo­
generated current. The device was mounted on a custom made test bed and was 
illuminated through the glass side. A custom made Labview programme was used for 
the data collection of current and voltage over a range of values. From the recorded I- 
V values, the fundamental parameters; V , J  , FF and PCE were calculated.
4.4.3 External Quantum Efficiency (EQE) Measurements
External quantum efficiency is defined for a photo-sensitive device as the number of 
extracted charges for every 100 photons incident of a given wavelength on the device 
in the absence of an external bias.
E Q E  -  ch arges co llec ted  h y the so la r  ce ll 4.7
nu m ber o f  inciden t p h o to n s
For devices such as solar cells whose performance is evaluated through the exposure 
to a range of wavelengths, the EQE is displayed for the wavelength region in 
consideration. Although the short circuit current can also be taken as an indication of 
the efficiency charge extraction in a solar cell, an EQE measurement allows the 
extraction efficiency of the device to be analysed over the wavelength range under 
consideration (integration of the EQE spectrum over wavelength should result in the 
same value as the short circuit current). In principle, an ideal device is expected to 
lead to the generation of an exciton (and hence an electron and a hole) for each photon 
absorbed. However, the number of charges extracted is usually less than this due to 
exciton decay as well as bimolecular recombinations and other charge trapping 
processes.
For the work discussed in this Thesis, the EQE measurements of the fabricated 
devices were carried out using Bentham PV300 photovoltaic device characterisation 
system under one sun bias (AM 1.5G) obtained through a Xenon lamp. Prior to 
carrying out measurements on the device, calibration of the system is carried out
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through measurement of the spectral responsivity (current generated per watt of 
incident light of a fixed wavelength) of a Si reference cell whose response is valid 
over a wavelength range of 300 -  1100 nm. In order to obtain the EQE of the device 
under consideration, the spectral responsivity (of the device) is initially obtained 
which is then converted to the EQE.
Experimental Techniques 64
References
1 Waser, R. Nanoelectronics and Information Technology. Wiley-vch 2nd Edition 
(2005).
2 Ferraro, J. R. & Nakamoto, K. Introductory Raman Spectroscopy. LondomAcademic 
Press Limited (1994).
3 Wartewig, S. IR and Raman Spectroscopy: Fundamental Processing. Wiley-vch 
(2003).
Chapter 5 
Incorporation of MWCNTs in to P3HT:PCBM 
BHJ OPVs
5.1 Introduction
Solution-processable BHJ photovoltaic cells were first reported in 1995.^ Since then 
the potential application of this technology has been widely investigated, and while 
the best efficiency reported a decade ago barely reached values higher than 1%, 
efficiencies beyond 7-8% are achieved today?'^ One of the most widely studied D and 
A material combination in OPVs is the blend of P3HT and PCBM / Work reported 
over the last few years has focused on understanding and optimising the processing of 
the P3HT:PCBM active layer, especially the device annealing conditions for 
controlling the morphology of the BHJ which appears to be the key for achieving high 
efficiencies.^'^^
Recently, CNTs have been introduced to the existing photovoltaic systems in order to 
enhance the PCE through improving exciton dissociation and charge transport.
65
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The highest reported PCE for MWCNTs based P3HT:PCBM OPV system is 3.47% 
compared to its corresponding reference P3HT:PCBM system of 2.69%.^^
The aim of this Chapter is to demonstrate how to incorporate MWCNTs in the 
existing organic photovoltaic materials system. The work presented below is 
organised in to two broad sections. Section one is devoted to the fabrication and 
optimisation of the reference P3HT:PCBM OPV device. This is carried out to 
determine the best material composition ratios and fabrication techniques required in 
achieving better reference OPVs. In section two, p-MWCNTs are introduced into this 
optimal system and the fabricated devices are characterised. The poor device 
performance with the addition of p-MWCNTs is investigated and the problems 
occurring during the photo-active solution preparation are identified. 
Functionalisation of MWCNTs is found to be an important process for utilisation of 
nanotubes in organic materials since the dispersion of nanotubes in organic solvents 
governs the entire device characteristics. Several functionalisation processes are 
considered and the acid functionalisation process is discussed in detail.
5.2 Reference OPV Device Fabrication
In order to observe any improvements upon addition of MWCNTs into the existing 
photovoltaic system, it is essential to fabricate a standard reference device of 
P3HT:PCBM.
P3HT and PCBM were purchased from Rieke Metals (USA) and Solenne (The 
Netherlands) respectively. All organic materials were used as received. Initial 
fabrication of reference device was started from the 1:1 (15 each) of P3HT:PCBM
in 1 ml DCB solution. Figure 5.1 shows the schematic of the fabricated reference 
device.
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BCP
ITO
Glass
F igure 5.1: Schematic of the reference P3HT;PCBM device.
Thin films o f  P3HT:PCBM were deposited on pre-cleaned ITO (section 4.3.1) 
substrates following a two step spin coating process: first step at 1000 rpm for 40 S 
and second step at 1500 rpm for 5 S (section 4.3.2). The reference photovoltaic 
devices were fabricated following the procedure given in section 4.3.3. CuiTcnt- 
voltage, I-V, measurements were performed as mentioned in section 4.4.2  
immediately after device fabrication.
In the optimisation process o f  the P3HT:PCBM BHJ OPV device, several procedures 
were carried out. Comprehensive analyses on thickness o f  the BCP layer and A1 
electrode as w ell as a study on the effect o f  annealing temperatures were performed. 
Initially, the values and range for spinning speed, annealing temperature and Al, BCP 
thickness were selected from previous reports and experiments that have been 
conducted on such a system inhouse. The analyses o f  these devices ( - 5 0  devices on 
each parameter) are described in the following sections.
The above set o f  devices were fabricated with relatively lower molecular weight 
30,000) P3HT. In Chapter 6, optimisation o f  0-M W C N T s incorporated
devices were also earned out with this low  P3HT. However, the devices reported
in Chapter 7 were fabricated with higher ( -  50,000) P3HT as high P3HT
was only available at the very end o f  the work. Hence, device performance stated in 
Chapter 5 and 6 are less efficient in comparison to the devices mentioned in Chapter 
7. (The reference device optimisation with higher M^,P3HT is included in this 
Chapter).
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5.2.1 Effect of BCP Interfacial Layer
BCP has often been used as an exciton blocking layer (EBL) in OPVs and is sufficient 
to confine the photo-generated excitons to the domain near the D/A heterojunctions 
where exciton dissociation takes place and prevents parasitic exciton quenching at the 
organic/electrode contact.
In this section the effect of the BCP thickness on the OPV device is discussed. 
Devices were fabricated with different BCP thicknesses. Table 5.1 shows the device 
parameters and figure 5.2 shows the current density- voltage (J-V) characteristics for 
the devices under AM 1.5G illumination obtained at 1000 rpm spinning speed (active 
layer thickness - 1 4 0  nm) with different thickness of the BCP layer for 70 nm of AI 
thickness annealed at 125°C. The data given in the Table 5.1 is represented in figure 
5.3.
Table 5.1: The reference P3HT:PCBM device parameters; V^^, J^^, FF and PCE for the
devices fabricated with different BCP thickness with 70 nm of Al annealed at 125°C. The 
error associated with each parameter is given in parentheses.
BCP thickness 
(nm)
Voc (±0.01 )
(V)
Jsc(±0.10)
(niAcm~^)
F F  (±1 .2) 
(%)
PCE (±0.02) 
(%)
0 0.47 5.03 45.5 1.06
2 0.59 6.35 63.2 2.35
5 0.60 6.32 68.6 2.60
10 0.60 5.96 64.9 2.30
20 0.54 2.83 54.6 1.05
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Figure 5.2: J-V characteristics of the reference P3HT:PCBM devices without (solid blue 
circles) and with 2 nm (solid red circles), 5 nm (solid green triangles), 10 nm (solid dark 
blue squares), 20 nm (solid brown squares) of BCP with Al (70 nm)  for annealing 
temperature of 125°C.
The deposition o f  a thin BCP layer increases , J and FF values significantly  
and renders higher PCE values for the devices (Figure 5.2 and 5.3). Increased J
value o f  6 .3 2 ± 0 .10 imply that more photo-generated excitons are
dissociated and have reached the respective electrodes minimising the exciton decay 
process. According to Gommans et al.'^, the role o f  BCP has been reported as a 
diffusion barrier for the Al electrode eliminating the creation o f  Al induced charge 
transfer states in PCBM which are known to quench excitons. Hence the higher J  
values achieved through the use o f  the BCP layer can be related to that the confined  
photo-generated excitons have been effectively dissociated and contributed to the J  
o f  the device (figure 5.2 and 5.3 (b)).
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Figure 5.3: Variation of (a) open circuit voltage (b) short circuit current density 
’ (c) fill factor F F , and (d) power eonversion efficiency PCE values on BCP 
thickness.
Another proposed role o f  BCP layer is the effective lowering o f  the metal work 
function resulting in improvedF^^ From the results shown, it can clearly be seen
that the value is increased (from 0.47 ±0.01 V to 0 .60±0.01  V at the optimum
value) with the use o f  BCP layers (Figure 5.3 (b)). It has been reported that the 
insertion o f  a thin BCP layer results in the fonnation o f  a better Ohmic contact and 
subsequent lowering o f  the series resistance o f  the device. From the series 
resistance, values given in the Table 5.2, it can be noted that the use o f  BCP has
significantly lowered the ( 14.6 ±0.1/3:777“ ) at the optimum thickness value for
the layer (figure 5.4).
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Table 5.2: Series resistance (Rse) and shunt resistance {Rs^) values for the devices 
presented in figure 5.2. The associated error is given in parentheses.
B C P  th ic k n e s s  { n m ) Rgg(±0.1) (Qcm^) R s h ( ± 1 6 ) ( n c m ^ )
0 30.1 5 9 0
2 17.2 641
5 14 .6 67 3
10 2 0 .2 544
20 2 8 .6 6 4 2
-68038-
36-
- 660
- 640
30-
-620
2  26-
-600
-580
-560
-540
0 4 8 12 16 20
a
Ci'
6  -2
tZ)
BCP Thickness (nm)
Figure 5.4: The plots of series resistance (Rge) and shunt resistance (7?^/,) values on BCP 
thickness.
Furthemiore, the BCP layer minimises Al atom diffusion into the active layer during 
the Al evaporation which minimises the structural deformations in the P3HT:PCBM  
active layer leading to lower leakage euiTcnt. An increased shunt resistance (Rsh)
value (613±\60om^)  observed at 5 nm suggests that the recombination pathways 
for the charges are minimised. Hence, as a result o f  lower R^^ and higher R^ j  ^ (figure 
5.4), increased F F  value o f  68 .6± 1 .2  are achieved (figure 5.3 (e)).
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From the presented data, the best device performance was achieved with a layer 
thickness of 5 nm of BCP layer which support results reported in the scientific 
literature where a 2-10 nm of BCP layer thickness is recommended for efficient 
device performance/^ However, increasing the thickness of the BCP layer over 5 nm 
is observed to lead to lower PCE, FF  and J which is proposed to be due to the 
insulating nature of BCP which affects the charge extraction from the Al contact.
5.2.2 Effect of Al Electrode Thickness
In order to investigate the effect of Al thickness on the OPV devices, another set of 
cells were fabricated with different thickness of Al electrodes. Figure 5.5 illustrates 
the J-V characteristics of these devices under AM 1.5G illumination. Table 5.3 and 
figure 5.6 represent the device eharaeteristies at different Al thickness.
Al T hickness 
30 nm  
40 nm  
50 nm  
70 nm
80 nm  
too  nm  
150 nm
0.2 0.3 0.4
V oltage (V)
Figure 5.5: J-V characteristics of the reference P3HT:PCBM devices 30 nn? (solid green 
circles), 40 nm (solid brown squares), 50 nm (solid red triangles), 70 nm (solid dark green 
triangles), 80 nm (solid blue circles), 100 nm (solid dark blue squares) and 150 nm (solid 
blue triangles) thickness of Al with BCP (5 nm ).
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Table 5.3: The reference P3HT:PCBM device parameters; J^^, FF  and PCE for the
devices fabricated at different Al thickness with 5 nm of BCP (125 °C, 140 nm ). The error 
associated with each parameter is given in parentheses.
Al thickness (jim) Voc(±0.01)
{V )
J ,,(± 0 .1 2 )
{mAcm~^)
F F  (±2.1) 
(%)
PCF (±0.05) 
(%)
30 0.47 5.31 52.9 1.23
40 0.55 5.63 48.2 1.49
50 0.59 5.91 67.1 2.34
70 0.60 6.50 68.5 2.67
80 0.59 6.52 66.0 2.63
100 0.59 6.72 65.5 2.60
150 0.60 6.48 66.5 2.59
According to the J-V curves, an Al thickness of at least 50 nm is required to achieve 
reasonable of 0.59±.01 K for the material system. At higher thickness values,
is almost constant suggesting that a good metal electrode of Al has been formed.
At this thickness the series resistance is minimised (14.3±0.2i2bm^) further proving 
the formation of better connected organic/metal electrode (figure 5.6, Table 5.4 and 
figure 5.7).
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Figure 5.6: Variation of (a) open circuit voltage , (b) short circuit current density 
(c) fill factor F F , and (d) power conversion efficiency PCE values on Al thickness.
Furthemiore, up to 50 m ttof Al thickness, values of are less than the rest of the
devices (figure 5.6 (b)), which is proposed to be due to higher sheet resistivity of the 
Al film leading to delayed transport aiding more recombination. Increased
1319±\ST2onC) values are observed for higher Al thickness values suggesting
recombination pathways have been minimised leading to higher
(6.50±0.\2 mAcnF^) values. Hence, according to the presented data, at least 50 
nm of Al layer is sufficient to fonn a good contact and better results can be achieved 
above 70 nm .
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Table 5.4: Series resistance and shunt resistance values for the devices
presented in figure 5.5.
Al th ic k n e s s  { n m ) R g g ( ± 0 . 2 ) ( n c m ^ ) R ,h (± 1 8 )(a c m ')
30 40.4 98 7
40 2 2 .9 892
50 14.3 604
70 13 .8 131 9
80 16.7 1288
100 15.2 1439
150 14.5 1311
45-1 - 1400
E
a
- 1 2 0 0  G
c
z -1000 c
I
s
i  20 -CZi
- 600
120 140 16080 10040 6020
Al Thickness (nm)
Figure 5.7: The plots of series resistance {Rse) shunt resistance {Rsh) values on Al 
thickness.
5.2.3 Effect of Annealing Temperature
Polymer crystallisation occurring during thcnnal annealing of the P3HT:PCBM active 
layer results in an increase in the device perfonnance due to efficient charge
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separation and improved charge transport.^ In order to verify the significance
of the annealing step for the spin coated active layer, the devices were fabricated 
without thermal annealing and with thermal annealing at different temperatures, to 
determine the best annealing temperature for the OPV devices. Figure 5.8 represents 
the corresponding J-V curves of the devices under AM1.5G illumination, and Table 
5.5 and figure 5.9 represent the device parameters.
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Figure 5.8: J-V characteristics of the devices without annealing (solid brown squares) and 
annealed at 75 °C (solid blue circles), 100 °C (solid red squares), 125 °C (solid green 
triangles) and 150°C (solid dark blue circles) with BCP (5 nm ) and Al (70 nm ).
The devices fabricated without themial treatment show J-V characteristics with of 
0.52±.01 F , J ^ o f  4.09 + 0.14 and FF of 34.8±1.5. PCE for this device
is therefore only 0.74±0.03%. It can be clearly observed that the thcnnal annealing 
step has significantly enhanced the device performance and the devices annealed at 
100 °C and 125 °C exhibit improved performance with ~ 6.50 ±D.\AmAcnF^ and 
PCE--2.6 ±0.03% compared to the device annealed at 75 °C and 150 °C (figure 5.9).
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Table 5.5: The reference P3HT:PCBM device parameters; FF and PCE for the
devices fabricated at different annealing temperatures with BCP (5 nm ) and Al (70 nm ). 
The error associated with each parameter is given in parentheses.
Annealing 
temperature (”C)
V ,,(± 0 .0 1 )
iV )
Jsc(±0.14) 
( mAcm )
F F (± 1 .5 )
(%)
fC E (± 0 .0 3 )
(%)
Without annealing 0.52 4.09 34.8 0.74
75 0.61 5.87 66.8 2.39
100 0.62 6.42 64.1 2.56
125 0.62 6.50 65.1 2.65
150 0.62 6.24 48.4 2.01
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Figure 5.9: Variation of (a) open circuit voltage (b) short circuit current density
(c) fill factor F F , and (d) power conversion efficiency PCE values on annealing 
temperature.
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Thermal annealing can cause significant re-arrangement of the active layers’ structure 
including the formation and rearrangements of polymer chains.^^ Electron diffiaction 
analysis carried out on P3HT:PCBM film has in fact indicated the formation of 
crystalline regions upon annealing.^^’^  ^An enhancement in the hole mobility by more 
than three orders of magnitude has also been reported which is attributed to the 
lamella type stacking of the side chains and the stacking of the thiophene r in g s .T h e  
excellent mobility of P3HT is considered to be due the lamella type stacking of the 
side chains and the stacking of the thiophene rings. Furthermore, formation of the 
well stacked regions of P3HT improves the nano-scale morphology with PCBM and it 
facilitates charge generation and transport in the s y s t e m . H e n c e ,  the J^^
increase of ~ 1.4 mAcm~^ with the annealing step can be attributed to the more 
orderly stacked P3HT:PCBM molecules in the active layer leading to improved 
charge generation and transport.
Further experiments carried out by Li et al.^, has shown that the series resistance of 
polymer BHJ OPVs can be reduced significantly by polymer self organisation which 
is achieved through controlling the growth rate of the active layer from solution to
solid state by annealing.^ The calculated of 42±0.6/2bw^ has been reduced to the
range of 15 -18 Clcm^ through the annealing step indicating that a better self­
organised polymer structure has been achieved in the active layer (Table 5.6 and 
figure 5.10). The minimum achieved for the device fabricated at an annealing 
temperature of 125 °C suggests that a better structural organisation of P3HT:PCBM 
molecules has been achieved resulting in a J^^ of 6.50±0.14 mAcm~^. As a result
better device characteristics are achieved for the P3HT:PCBM OPV system with 
thermal annealing.
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Table 5.6: Series resistance (Rse) and shunt resistance (Rgh) values for the devices 
presented in figure 5.8. Associated errors are given in parentheses.
Annealing Temperature (“C) Rgg(±0.6) (tîcm ^) R ,h (± 1 3 )(n c m ')
Without annealing 42.6 179
75 17.8 1045
100 16.5 1117
125 15.3 1102
150 43.1 946
45- - 1400
I 40- 
G
S
c
a -  1000 G
-600
20 40 60 80 100 120 140 160
AI Thickness (nm)
Figure 5.10: The plots of series resistance iR^e) and shunt resistance (R^/j) values on 
annealing temperature.
5.3 Optimised Reference P3HT:PCBM OPV Devices
This section presents the optimised reference device characteristics achieved during 
the course of this research. In order to verify the repeatability of the fabricated 
devices, six sets of devices were fabricated for a given parameter from each solution,
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and three different solution sets were prepared following the same material 
composition amounting to close to ~ 100 devices for standardisation procedure.
5.3.1 Batch A with Film Thickness ~ 140 nm
The photoactive solution was prepared with 15 mg each of P3HT:PCBM in 1 ml of 
DCB. The active layer was deposited by spin coating process at the speed of 1000 
rpm for 40 S in the first step and at 1500 rpm for 5 S in the second step which results 
a thickness o f -140 nm . Then the thin films were allowed to slow dry for 40 minutes 
in covered Petri dishes (60 mm diameter, 15 mm height). Thermal annealing of these 
partially dried thin films was done at 125 °C for 10 minutes. The evaporated BCP 
thickness was 5 nm and Al was 70 n m . J-V characteristic of these optimised 
reference OPVs which have the device structure of IT0/P3HT:PCBM/BCP/A1 are 
given in the figure 5.11 and the corresponding OPV parameters are given in Table 
5.7.
5.3.2 Batch B with Hole Transport Layer and Film Thickness-220 nm
The film thickness of the initially fabricated devices (see section 5.3.1 A) were around 
140 nm, which is at the rising edge of the photon absorption in the active layer as 
given by Dennler et al.  ^ It has been shown that the maximum absorption for 
P3HT:PCBM blend occurs in the active layer thickness range of 210-230 nm J  
Hence, the next set of devices was fabricated with -  220 nm active layer thicknesses. 
Furthermore, to improve the hole extraction from the active layer, a thin layer of 
PEDOT:PSS with thickness -  40 nm was utilised.
PEDOTiPSS was spin coated at the speed 5000 rpm for 60 S on ITO coated glass, 
which had already been cleaned (stated in section 4.3.1). These PEDOT:PSS coated 
films were annealed at 150 °C for 15 minutes. The active layers were spin coated on 
top of the PEDOT:PSS layers. Two step spin coating processes were involved; first 
step at 750 rpm for 40 S and second step at 1500 rpm for 2 S. The optimised film
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thickness (220 nm ) was achieved under these spinning conditions. J-V characteristics 
of the OPVs fabricated following these settings which have the device structure of 
IT0/PED0T:PSS/P3HT:PCBM/BCP/A1 are depicted in figure 5.11 and the 
corresponding OPV parameters are given in Table 5.7.
5.3.3 Batch C for Optimised Reference with Higher Molecular Weight 
P3HT
Further experimental techniques on active layer formation were conducted on the 
reference devices, leading to the fabrication of OPVs with the highest device 
performance. The corresponding OPV parameters are given in Table 5.7 and J-V 
characteristics are included in the graph 5.11 (with the same device structure given in 
section 5.3.2 B).
Higher P3HT was available at the end the work and the reference device was
mentioned in this Chapter since this Chapter includes the optimisation of reference 
P3HT:PCBM devices.
Table 5.7: The optimised P3HT:PCBM reference device parameters; V^^, J^^, FF  and 
PC E. The error is given in parenthesis.
Device Voc F F  (%) PCE (%)
Batch A 0.60±0.01 6.50 ±0.12 68.5±1.8 2.67±0.06
Batch B 0.60+0.01 7.97 ±0.11 62.3 ±1.3 3.06 ±0.05
Batch C 0.60+0.01 9.20±0.08 71.2±0.9 3.92±0.02
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Figure 5.11: J-V characteristics of the optimised reference devices; Batch A (solid red 
squares), Batch B (solid dark blue circles) and Batch C (solid dark green triangles).
The enhanced device perfonnance achieved under section 5.3.2 compared to section 
5.3.1 can directly be attributed to the improved photon absorption by the active layer. 
Thicker active layers absorb more photons which lead to an enhanced exciton 
dissociation and hence increased charge carrier generation, which ultimately increases 
for the device. Furthermore, utilisation of hole extraction layers with PEDOT:PSS
has increased the charge collection at the anode. PEDOTiPSS is a molecularly doped 
conjugated polymer with a higher work function than ITO, as well as a high 
conductivity, and hence has the potential to enhance the device performance.^^ 
Therefore, it can be concluded that the increased and PCE for Batch B being a
result of increased optical absorption from the higher thickness active layers and use 
of PEDOTiPSS in the OPV devices.
Further enhanced device perfonnances are achieved for devices fabricated under 
section 5.3.3 Batch C compared to Batch A and Batch B. The device structure of 
Batch C is the same as for the case of Batch B. In analysing the possible reasons for
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the observed enhancement, the molecular weight, , of the polymer seems to be an 
important consideration. The M ^of P3HT used in Batch B was -30,000 and for 
Batch C it was -  50,000. In order to observe the affecting device perfonnance,
the normalised absorption spectra of the P3HT used in Batch B and Batch C are 
shown in figure 5.12.
According to the figure 5.12, an increase in the 600 nm shoulder (section 5.3.3 Batch 
C) compared to the other spectrum (section 5.3.2 Batch B) can be observed which is 
related to the higher P3HT utilised in section 5.3.3 Batch C device fabrication. 
According to the results reported by Schilinsky et al.^ ,^ a small absorption shoulder is 
observed around 600 nm for M ^>  -  13,800 with this feature becoming more
prominent as the M  is further increased.
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Figure 5.12: Nonnalised absorption spectra of thin films fabricated from section 5.3.2 Batch 
B with (140 nni) (solid red squares) and section 5.3.3 Batch C (220 nm) (solid blue circles).
A strong correlation between the M^,of the conjugated polymer and conesponding 
photovoltaic performance has also been reported."^ In semiconducting polymers, it 
appears that the M^, of a polymer is a critical parameter influencing mobility. The
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dependence of charge carrier mobility on of P3HT has been investigated by Zen 
et al?^ High supports the formation of higher order lamellar structures which 
leads to higher hole mobility.^^ Further studies conducted on spectral response (EQE) 
and has demonstrated that charge separation is inefficient for low P3HT.^^
Hence, it can be concluded that the achieved enhanced device performance with the 
same device structure and same fabrication process as a result of formation of more 
crystalline regions in the active layer in Batch C (section 5.3.3) is likely to be highly 
correlated to the increased (due to the different batches of P3HT) which has the
ability to increase the charge carrier mobility and affect more efficient charge 
separation.
5.4 MWCNTs Incorporated P3HT:PCBM OPVs
Once procedures were selected for optimal device fabrication with a given type of 
P3HT, hybrid device structures were explored. In the process of incorporating 
MWCNTs into the active layer of P3HT:PCBM, untreated (pristine) MWCNTs (p- 
MWCNTs) were initially introduced in to the optimised reference devices.
5.4.1 Pristine MWCNTs incorporated P3HT:PCBM Device Fabrication
MWCNTs were purchased fi*om Sigma Aldrich with more than 95% purity (inner 
diameter- 3-6 nm, outer diameter 7-15 nm, length- 0.5 to 200 jLtm). 0.1 mg of p -  
MWCNTs were added to the I ml of DCB and sonicated for 6 hours. Then 15 mg of 
P3HT was added to this nanotube solvent and stirred in the glove box for 3 hours for 
better polymer-nanotube interaction. The active layer solution preparation was 
completed by adding 15 mg of PCBM to this solution. The final solution was stirred
overnight. The weight percentage of p-MWCNTs in P3HT:PCBM for these devices 
were calculated to be 0.33 %.
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p-MWCNTs incorporated thin films were spin coated and initial OPVs were 
fabricated according the optimised referenee parameters given in seetion 5.3.1 Batch 
A following the device fabrication procedures stated in seetion 4.3.
5.4.2 P3HT;p-MWCNTs;PCBM Device Characterisation
I-V measurements of the devices IT0/P3HT:p-MWCNTs:PCBM/BCP/Al were 
perfoiTued as mentioned in section 4.4.2. The corresponding J-V characteristics of 
these devices are given in the figure 5.13. For the purpose of comparison, the 
reference device eharaeteristies (section 5.3.1) are also included in the same figure.
— P3HT:p-MWCNTs:PCBM 
— P3HT;PCBM
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Figure 5.13: J-V characteristics of device IT0/P3HT;p-MWCNTs:PCBM/BCP/Al (0.33 wt% 
of p-MWCNTs) (solid brown squares) and IT0/P3HT:PCBM/BCP/A1 (solid dark blue 
circles).
The introduction of p-MWCNTs into the reference P3HT:PCBM system has degraded 
the device perfonnance as can be seen from figure 5.13. The devices with 0.33 wt%
of p-MWCNTs show a of 0.54 V,J^^of 5.S mAcm~^ and poor FF  of 44.4%
leading to poorer PCE of 1.39%. The use of MWCNTs in the untreated fomi
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(pristine) does not appear to be effective from the device performance point of view. 
In the process of realising the reasons for poor J-V curves, visual observation 
indicated the formation of a rough active layer morphology (non-smooth) during the 
thin film coating. As the active layer morphology is an important factor in governing 
the device performance^^, the poor film morphology is attributed as a possible reason 
for the low device performance parameters observed. The non-uniformity in the 
distribution of nanotubes in the active layer arises from the poor CNT dispersion in 
the organic solvent, DCB, which is well documented.^^’^ ’^^ ’^^  ^ This necessitates the 
requirement to treat nanotubes such that a suitable dispersion of nanotubes is 
attainable in organic solvents.
5.5 Improvement of MWCNTs’ Dispersion in Organic 
Solvent
In order to achieve uniform thin films of MWCNTs incorporated P3HT:PCBM, the 
solution preparation stage was re-considered. It is widely accepted that the dispersion 
of nanotubes in solvents is problematic and creates more issues in terms of mixing 
with organics.^^ Hence, the dispersion of nanotubes in organic solvent (which in this 
work is DCB) is critical since it determines the possibility of preparation of uniformly 
dispersed photo active solution and a smooth thin film morphology which ultimately 
affects the device performance.
It has been established that functionalisation of nanotubes increases the chemical 
reactivity with organic solvents.^^ Hence, MWCNT functionalisation was considered 
in this work with the aim of enhancing the dispersion of MWCNTs in DCB. Several 
functionalisation processes have been recognised: acid, amino, thiophene, amino- 
thiophene hi functionalisation, and found that the acid functionalisation process has 
yielded better results in terms of dispersion and utilising MWCNTs in OPVs.^^
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5.6 Acid Functionalisation of MWCNTs
5.6.1 Ultrasonication of MWCNTs in Acids
MWCNTs were dispersed in a 1:3 mixture of nitric and sulphuric acid and the mixture 
was sonicated for 20 minutes in an ultrasonic water bath at a power of 100 W (32-38 
kHz). Ultrasonication is the act of applying ultrasound energy to agitate particles in a 
solution. In the laboratory, it can be achieved using an ultra-sound bath or probe. 
Ultrasonication is the most frequently used method for nano-particle dispersion and is 
an effective method to disperse CNTs in liquids with low viscosity, such as water, 
acetone and ethanol. The principle of this technique is; when ultrasound propagates 
via a series of compressions and expansions, attenuated waves are induced in the 
molecules of the medium (water) through which it passes. The production of these 
waves promotes the “peeling o ff’ of individual nanotubes located at the outer part of 
the CNT bundles and thus results in separation of individualised nanotubes from the 
bundles.^^ Hence, during the sonication process of MWCNTs separated nanotubes can 
be obtained.
Furthermore, this oxidative process usually results in shortening of nanotubes’ length 
and forms surface reactive groups such as hydroxyl (OH) and mainly carboxylic acid 
(COOH) groups. Oxidation of the tubes starts at the end caps because of the heavy 
strain of the hexagon-heptagon pairs, and gradually moves towards the central part of 
the tube. During the sonication tubes are not only cut shorter but are also purified 
since the acid mixture is well known to intercalate and exfoliate graphite.^^
Immediately after sonication, the aeid-MWCNTs mixture was put in to deionised 
water where they formed dark brown/black solution. This step is performed as if the 
MWCNTs are left in the concentrated acidic media, they continue to get shorter over 
the time by being oxidized at the end caps. Hence, nanotubes being adversely 
shortening is eliminated with this kind of experimental methods.
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The consequence of this oxidative treatment, except for the formation of reactive 
groups on the side walls and end caps, is the reduction of nanotube length into smaller 
fragments. The length of MWCNTs can progressively be decreased as the treatment 
time is increased. Usually, after 20 minutes sonication the length of the nanotubes was 
ranged between 0.5 jjjit to 5 jum (figure 5. 14). Reports have shown that this range 
has been reduced to (100 nm after 60 minutes of acid treatment.
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Figure 5.14: SEM images of spin coated (a) p-MWCNTs and (b) 0-MWCNTs from 
0.1 m g /m l  solution of DCB.
From the figure 5.14, it can be clearly seen that the nanotubes are shorter in length for 
0-MWCNTs (~ 200-500 nm) whereas for p-MWCNTs the length is in the range of
2-5 jLon). A question remains as to whether the MWCNTs were being shortened at the 
ends or if the MWCNTs sidewalls were being randomly cut. Whilst there is no doubt 
some tube shortening at the ends of MWCNTs, there must be also a considerable 
amount of cutting at defect sites, introduced by the sonication.
Since CNTs can be easily damaged, especially when probe sonicators are used. 
Hence, in this work, an ultra sonication bath has been used to disperse the nanotubes 
minimising the damage of MWCNTs. Furthennore, for this treatment MWCNTs are
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more suitable than SWCNTs since the inner graphene layers can remain untreated and 
the essential electronic structure can be retained.
MWCNTs flinctionalised in this process are soluble in many organic solvents since 
the hydrophobic nature of CNTs is changed to hydrophilic due to the attachment of 
polar groups. Hence, chemically functionalised MWCNTs can produce strong 
interfacial bonds with many polymers allowing the fabrication of MWCNTs based 
nano-composites.
5.6.2 Purification of Acid Sonicated MWCNTs
Covalent fiinctionalisation of MWCNTs can provide usefiil functional groups onto the 
MWCNTs surface. However, amorphous carbon may also be present as a residue in 
these acid functionalised nanotubes’ solutions which can lead to the formation of non- 
uniform films upon spin coating of carbon nanotubes incorporated polymer:fullerene 
composition. Hence, these nanotubes need to undergo a further purification process. 
The mixture was then refluxed in an oil bath at 130°C for two hours to eliminate 
excess reagents that were present during the sonication.^A dditionally, refluxing 
was expected to overcome further agglomeration of nanotubes without inducing any 
serious defects into the structure as elucidated by Zhang et al.^^
In order to avoid the presence of amorphous carbon and any large aggregates, O- 
MWCNTs were washed with deionised (DI) water and centrifuged at 8500 rpm for 10 
minutes three times.^^ The centrifuged solution was filtered using a 
polytetrafluroethylene membrane (0.2 /jm) and thoroughly washed with DI water to 
obtain 0-MWCNTs in DI water. The concentration of the 0-MWCNTs was measured 
by evaporating a known volume of the above solution.
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5.6.3 R am an Spectroscopy of p-M W CN Ts and O-M W CNTs
Raman spectroscopy is well known as a powerful tool in characterisation of CNTs^^ 
and allows providing information about structural changes done to MWCNTs during 
the acid treatment/^ Functionalised MWCNTs were characterised by Raman 
spectroscopy and the corresponding Raman spectra for pristine and O- MWCNTs are 
shown in figure 5.15.
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Figure 5.15: Raman Spectra for pristine (solid brown square) and 0-MWCNTs (solid dark 
green triangle).
Raman spectra of CNTs usually exhibit three characteristics bands: the tangential 
stretching G mode (1500-1600c/77“^), the D mode (~ 1350cw“’ ) and the radial 
breathing modes (RBMs) (100-400c/77“’ ).^  ^However, in most situations, MWCNTs
do not show any RBM Raman s ignal s .The  D band observed around 1350cm"' for 
graphitic structures is attributed to a double resonance Raman mode, which can be 
understood as a measure of structural disorder in sp" carbon hexagons .The G band 
originates from the tangential in-plane stretching vibrations of sp  ^C-C bonds and the
corresponding Raman peak has been observed at ~ 1560 c;;?"'graphitic structures.
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Disordered MWCNTs cause an additional Raman band appearing at ~ 1615 cm  ^
called the D ' band which is visible as a weak shoulder to the G peak in the Raman 
spectra. The D ' is also attributed to a double resonance process induced by disorder, 
defects or ion intercalation between the graphitic walls.
The ratio of intensities of the D to G band, R = I j^ / I q , is used to evaluate the
disordered nature of the nanotube walls, and gives valuable information on the 
structure of carbon materials. An increased ratio is taken as an increase in disorder in 
the structure. From the Raman spectra presented above, the calculated I d / I q ratio for
pristine MWCNTs was ~ 0.4 and ~ 0.7 for 0-MWCNTS which indicates that upon 
fiinctionalisation, defects are introduced to the nanotubes surface, presumably through 
grafting of carboxylic groups.
5.6.4 FTIR Spectroscopy of p-MWCNTs and O-MWCNTs
In order to verify carboxylic groups are indeed grafted to MWCNTs during the acid 
fiinctionalisation process, FTIR spectroscopy has been performed on O-MWCNTs. 
FTIR spectroscopy is extensively used in the structural determination of molecules 
and is very informative in studying the functional groups attached to the side walls of 
the nanotubes. FTIR spectra of p-MWCNTs and O-MWCNTs are given in figure 
5.16.
Figure 5.16 compares the FTIR spectra of p-MWCNTs and O-MWCNTs. Although 
p-MWCNTs indicates a featureless FTIR spectrum (similar to the observation 
reported in reference^^), the peaks observed in the O-MWCNTs can be used to 
determine the attached functional groups.
The C-C bond vibration (~ 1200 cm”')  was not observed for p-MWCNTs due to their 
high symmetry in the tubes. This is the reason why carbon nanotubes provide neat 
Raman spectra but poor FTIR spectra. Furthermore, any FTIR signal was not detected
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at 1200 cm  ^ for O-MWCNTs and this indicates that the structural damages oeeurring 
during the acid treatment process is minimal.
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F igure 5.16: FTIR spectra of p-MWCNTs (solid brown squares) and O-MWCNTs (solid dark 
green triangles).
The observed feature around 1623 cm~  ^ is assigned to the C=0 stretching mode.^^ The
band at 1149 cnH  ^ is identified as the C-0 stretching mode.^^ O-MWCNTs exhibit a
higher intensity 0-H peak at 3402 cnH  ^ compared to the p-MWCNTs which is 
attributed to the attachment of acidic groups like carboxyl, phenol and lactol.'^^’'^ ’ The
origin of the band at 1441 cm"' is still controversial. In some reports, it has been 
suggested that this band results from the in-plane vibrations of the graphitic walls in 
CNTs.''" Other reports have attributed this band occurs to the presence of carboxyl 
groups.^^ However, these FTIR studies has shown some distinct differences between 
the p-MWCNTs and O-MWCNTs. O-MWCNTs shows the presence of C=0 bond 
vibrations which proves the attachment of carboxyl group (this is not observed in p- 
MWCNTs). Hence, FTIR analysis proves the presence of carboxylic functional 
groups as a result of acid treatment.
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5.7 Other MWCNTs Functionalisation Processes
Amino functionalisation and polymer wrapping of MWCNTs has been widely 
discussed in OPV research in order to improve the nanotube dispersion in organic 
solvents and their incorporation into polymers.^^ Attachment of other functional 
groups to the nanotube surface could be important in achieving better device 
performance.
(Amino, thiophene and amino & thiophene functionalisation of MWCNTs were 
conducted in collaboration with Dr. V. Sadhu and these functionalised MWCNTs 
incorporated OPV devices were fabricated by the author).
5.7.1 Amino Functionalisation
Due to the high reactivity of amino groups, amino functionalisation has been 
considered to enhance the dispersion of nanotubes in organic solvents.^' Usually, for 
the amino functionalisation process, two different approaches are used. Both protocols 
are based on chemical manipulation of carboxylic groups. The first approach is the 
direct coupling of the amine group with the carboxylic groups to introduce amino 
groups via amide formation. The second method involves reduction of the carboxylic 
group to hydroxymethyl followed by transformation of aminomethyl groups.
Amino functionalisation of MWCNTs (A-MWCNTs) (first approach) was carried out 
in house.''^ In the process, O-MWCNTs were reacted with ethylene diamine and the 
chemical structure is given in the figure 5.17. The reaction between O-MWCNTs and 
ethylene diamine leads to a mixture of covalently bonded amides on the surface of the 
nanotubes. These introduced amide groups have the tendency to form more networks 
with PCBM during the solution blending due to the chemical affinity in addition to 
the better dispersion.
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It has been reported that the amino-terminated MWCNTs showed improved 
dispersion and increased interfacial interaction between the functionalised nanotubes 
and polymer/^ The use of covalent chemistry to link functional groups with CNTs is 
also expected to provide excellent solubility compared to non-covalent bonding/^ 
Furthermore, the chemical versatility of the amino group allows controlled bonding to 
polymers. Hence, for the MWCNTs based OPV devices A-MWCNTs are introduced.
C0NH-(CH2)2-NH,
CONH - (CH j)2 - NHj
Figure 5.17: Chemical structure of amino functionalised MWCNTs.
5.7.2 Thiophene Functionalisation
Although considerable progress has been made to the open end and side wall 
modifications of CNTs using covalent chemistry, non-eovalent modifications are 
considered due to the possibility of organising the nanotubes into ordered structure 
with minimum disruption to the extended tt networks. Furthermore, non-covalent 
functionalisation seems to be an alternative method for tuning the interfacial 
properties of nanotubes.
Molecules of high molecular weight can be used as potential non-covalent modifiers 
as they can thread themselves onto or wrap themselves around the surface of the 
nanotubes and can dismpt van der Waals interactions which cause nanotubes to 
agglomerate into bundles. Polymers are appealing candidates given an appropriate 
structure they can wrap themselves around nanotubes. The suspension of CNTs in 
polymers, leads to wrapping of the polymer around the CNTs. This is achieved 
through TT-TT interactions between the nanotubes and the polymer chains containing 
aromatic rings.
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Thiophene groups are selected as the polymer to wrap MWCNTs in this work and the 
resultant chemical structure is given in figure 5.18. Thiophene functionalised 
MWCNTs (T-MWCNTs) were synthesised in house''^ and later on incorporated into 
the active layer.
CONH
CO N H -
Figure 5.18: Chemical structure of thiophene functionalised MWCNTs.
5.7.3 Thiophene-Amino Bi-functionalisation
In order to facilitate with both functionalisation processes in dispersion, hi 
functionalisation process has also been considered. Thiophene group forms 
percolation networks with P3HT whereas amino group form more networks with 
PCBM. Hence, thiophene & amino functionalisation of MWCNTs (TA-MWCNTs) 
was conducted''^ (figure 5. 19).
O N H - ( C H , ) , - N H
O N H -
CONH
C O N H - ( C H , ) , - N H ,
Figure 5.19: Chemical structure of amino and thiophene functionalised MWCNTs.
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5.8 Summary
3.9 % efficient P3HT:PCBM reference solar cell devices were fabricated through the 
optimisation processes. MWCNTs incorporation to the active layer in untreated form 
delivered diminished OPV performance. Non-uniform thin films of P3HT:p- 
MWCNTsiPCBM caused poor device performance. Acid functionalisation of 
MWCNTs proved to be able to enhance the dispersion of nanotubes in DCB. FTIR 
spectroscopy confirmed grafting of carboxylic groups to the nanotube surface. 
Furthermore, amino and thiophene functionalisation, and amino & thiophene bi- 
fimctionalisation of MWCNTs were considered as further techniques for better CNT 
dispersion in organic solvents. Chapter 6 presents the device performance of these 
different types of hybrid devices.
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Chapter 6 
Enhanced Charge Extraction from Organic- 
Carbon Nanotube Hybrid Devices
6.1 Introduction
In this Chapter, O-MWCNTs are introduced into the P3HT:PCBM system with the 
aim of enhancing the device performance to achieve higher photo-generated current. 
Thin films of P3HT:0-MWCNTs:PCBM are characterised to observe changes in 
structural organisation in supporting the O-MWCNTs active participation towards 
enhancing the device performance. O-MWCNTs incorporated hybrid devices are 
optimised and several parameters have been identified which critically govern the 
device characteristics. The main objective of this Chapter is to demonstrate an 
efficient O-MWCNTs incorporated device with higher which exceeds the
reference devices’ In order to further understand the mechanisms for the net
current enhancement by the addition of O-MWCNTs, photo-physical studies on these 
thin films are conducted. Photon to electron conversion efficiency of the devices, 
charge transfer from D to A, exciton dissociation and recombination kinetics are
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discussed. The final section discusses these phenomena in detail leading to the 
conclusion that additional charge generating sites (exciton dissociation centers, EDCs) 
are introduced upon addition of O-MWCNTs to the active layer.
6.2 Thin Film Characterisation of Organic-Carbon 
Nanotnbe Composites
6.2.1 Surface Characterisation
In order to investigate the distribution of O-MWCNTs in the P3HT:PCBM composite, 
SEM images of spin coated active layers of P3HT:0-MWCNTs:PCBM are shown in 
figure 6.1 at lower and higher magnifications. (Figure 6.1 includes SEM images of 
P3HT:PCBM, and P3HT:p-MWCNTs:PCBM active layers as well).
Bundles of nanotubes can be observed for the p-MWCNTs incorporated 
polymerifullerene blend. However, with the treated nanotubes, a homogeneous 
distribution in the photoactive layer is observed due to the improved dispersion of O- 
MWCNTs in the active material. O-MWCNTs have provided a smoother structure in 
the composite of P3HT:PCBM than the p-MWCNTs incorporated composites. As a 
result of the smoother surface structure achieved through the introduction of O- 
MWCNTs, an enhanced FF can be expected from O-MWCNTs incorporated devices.
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Figure 6.1: SEM images for P3HT:PCBM [(a) and (b)], P3HT:p-MWCNTs:PCBM (0.33 
wt% of p-MWCNTs) [(c) and (d)] and P3HT:0-MWCNTs:PCBM (0.33 wt% of O- 
MWCNTs) [(e) and (f)] active layers at lower and higher magnifications respectively.
Enhanced Charge Extraction from Organic-Carbon Nanotube Hybrid Devices 103
The morphology of the MWCNTs incorporated thin films were further studied by 
ATM. Topographical images and 3-D plots of the reference film and nanotube 
incorporated films are shown in figure 6.2.
200.0 nm
200.0 nm 
0.0 nm
10 pm
10 pm
Figure 6.2: ATM images (a) and (c), and 3-D plots (b) and (d) for reference P3HT:PCBM 
and P3HT:0-MWCNTs;PCBM (0.33 wt% of O-MWCNTs) thin films respectively.
Although a distinct surface morphology was expected from the nanotube incorporated 
film, the roughness values (-11  nm ) are almost identical for both samples. A similar 
observation has been reported by Wu et al.' for MWCNTs incorporated systems 
where the authors claimed that the high aspect ratio of CNTs help P3HT molecules to 
align and fonn a more ordered structure. Furthenuore, it has been stated that the 
relatively short length of O-MWCNTs (200-500 /7w compared to 2-5 fjin of p- 
MWCNTs) should lead to a homogeneous dispersion of O-MWCNTs in the 
composite and prevent the self aggregation of the polymer molecules.' The similar 
surface morphologies of P3HT;PCBM and P3HT:0-MWCNTs:PCBM suggest that 
the effect of protruding MWCNTs is minimal, which is expected to improve the shunt
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resistance for the O-MWCNTs introduced devices and hence result in achieving 
higher F F ’s.
6.2.2 Raman Spectroscopy
In order to verify the presence of nanotubes in the homogeneously distributed 
P3HT:0-MWCNTs:PCBM spin coated active layer films, micro-Raman spectroscopy 
was carried out. Figure 6.3 illustrates the Raman Spectroscopy data at the wavelength 
of 5 14.5 77777.
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  MWCNTs
— P3HT:PCBM 
- A — P3HT:MWCNTs:PCBM3
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F igure 6.3: Raman Spectra of spin coated thin films. P3HT (solid orange line), P3HT:PCBM 
(solid dark red squares), P3HT:(p, 0)-MWCNTs:PCBM (0.33 wt% of (p,0)-MWCNTs) 
(solid dark green triangles) and MWCNTs (solid black line).
Previous reports on Raman spectroscopic analysis of P3HT has attributed the Raman
band at 1374 cm~  ^ to C-C skeletal stretching, and bands at 1444 cin~  ^ and 1515 cm~  ^
to C=C stretching vibrations of the thiophene ring.^ The PCBM Raman signal covers
a broad range of 1500-3000 cin~  ^? The carbon nanotube D peak around 1344 C777~^ is
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dominated by the intense Raman signal of P3HT at 1374 cm ^  However, the G peak
is clearly visible around 1600 cm and is an indication of the existence of nanotubes 
in the spin coated films.
The G peak of MWCNTs at 1576 cm~  ^ presents a considerable up-shift of 20 cm "\
Similar G peak shifts (24 cm“ )^ are observed by Rao et al."^  and authors claimed that 
the shift provides evidence of charge transfer between the nanotubes and the dopant 
molecules. In their work, CNT bundles are reacted with dopants which are believed to 
transfer electrons from carbon Ti-states in the tubules to the dopant molecules creating 
hole carriers in the nanotube. Similarly during our work, O-MWCNTs are chemically 
reacted with P3HT polymer and it is possible in creating an environment conducive 
for charge transfer and subsequent hole transport through the nanotubes. Similar hole 
transportation through O-MWCNTs has been observed by Hatton el al.^ concluding 
that O-MWCNTs can be utilised for hole extraction due to the high work function of 
O-MWCNTs (5.07 eV )?  Furthermore, when considering the band diagram in our 
system, it is possible for holes to be transferred to nanotube and the shift of G band is 
identified as a result of hole transfer to the nanotube. Additionally, it has been 
reported^ that the mechanical restriction of the freedom of C-C vibrations of the 
nanotube leads to an up-shift of the G band. This restriction has been related to 
nanotube-polymer non-covalent interaction via te- tt or CH- n interactions.^ Hence, this 
phenomenon of G band shift can be related to P3HT-nanotube doping and mechanical 
restriction of the freedom of C-C vibrations as a result of doping.
6.2.3 Optical Characterisation
Optical absorption measurements of these thin films were carried out in order to 
observe the effect of nanotube incorporation to the optical absorption in the active 
layer. Figure 6.4 shows the absorption spectra for active layers of P3HT:PCBM, 
P3HT:p-MWCNTs:PCBM and P3HT:0-MWCNTs:PCBM with the structure of 
glass/lTO/active layer.
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Figure 6.4: Optical absorption of thin films of the structure of glass/lTO/active layer (140 nm 
of thickness). Active layer is P3HT:PCBM (solid dark blue circle), P3HT:p- 
MWCNTs:PCBM (0.33 wt% of p-MWCNTs) (solid brown square), P3HT:0- 
M W CNT s : PCBM (0.33 wt% of O-MWCNTs) (solid dark green triangle).
In the given optical absorption graphs, the observed peak at 607 nm is attributed to 
the singlet excitonie transition of P3HT with vibronie transitions at 520 nm and 556 
nm J  It is evident from the absorption spectra that the p-MWCNTs do not contribute 
to enhance the photon absorption process significantly. The pristine or untreated 
MWCNTs agglomerate together which may minimise the total exposed surface area 
of the P3HT:PCBM to the light causing less absorption. However, upon addition of 
O-MWCNTs an absorption comparable to the reference device is observed. The slight 
increase of absorption compared to the p-MWCNTs device, indicates that the acid 
treatment separates the nanotube bundles as well as disperses them uniformly through 
the active layer.
In order to observe the effect of nanotubes on the structure of the active layer, optical 
absorption spectra were nonnalised to the 560 7 7 /7 7  peak (figure 6.5). Due to its 
crystalline nature, films consisting of P3HT are known to indicate a structured optical
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absorption. The intensity ratio of peaks 607 nm and 556 nm ( I  (607 nm) j  I  (556 nm) ) 
indicates the nature of stacking of the polymer chains.^ Upon addition of p-MWCNTs, 
photo-absorption spectrum shows a higher /  (607 / /  (556 Mm) ratio in comparison
to the P3HT:PCBM as well as 0-MWCNT incorporated P3HT:PCBM film indicating 
that the incorporation of pristine nanotubes leads to better long range order (Figure 
6.5). However, as discussed in section 5.4, addition of pristine MWCNTs leads to 
poorer device performance. It is noted here that although pristine MWCNT can lead 
to a better crystalline structure for the polymer, this could lead to the fondation of 
P3HT domains whose size exceeds 20 nm (or twice the exciton dissociation length) 
leading to significant monomolecular (geminate) recombination and increased series 
resistance in the device. On the other hand, the well separated nature of the O- 
MWCNTs can lead to a more localised crystallisation effect on the polymer leading to 
better exciton dissociation and charge transfer explaining the relatively improved 
device performance for O-MWCNTs incorporated devices.
P3HT:p-MWCNTs:PCBM 
P3HT;0-MWCNTs:PCBM 
P3HT;PCBM ^
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Figure 6.5: Nonnalised absorption spectra at 556 nm peak of thin films of the structure of 
glass/ITO/aetive layer (140 nm of thickness). Active layer is P3HT:PCBM (solid blue line), 
P3HT:p-MWCNTs:PCBM (0.33 wt% of p-MWCNTs) (solid red line), P3HT:0- 
MWCNTs:PCBM (0.33 wt% of O-MWCNTs) (solid green line).
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6.3 P3HT:0-MWCNTs:PCBM OPV Device Fabrication and 
Optimisation
It has been identified that only low concentrations of 0-MWCNTs^’^  can be 
introduced into the organic layer without resulting in adverse performance. Initially, 
0.1 mg of O-MWCNTs were mixed with DCB and sonicated for 3 hours for better 
dispersion. Then 15 mg of P3HT was added and stirred for 3 hours allowing better 
polymer-nanotube interaction. Addition of 15 mg of PCBM completed the solution 
preparation, and the P3HT:O-MWCNTs:PCBM solution was stirred overnight. The 
calculated weight percentage of O-MWCNTs in P3HT:PCBM is 0.33 wt%. In order 
to verify the repeatability of the fabricated devices, six sets of devices were fabricated 
for each optimisation parameter from each solution, and three different solution sets 
were prepared following the same material composition for a given optimisation 
procedure resulting in ~ 100 devices.
6.3.1 O-MWCNTs’ Concentration in the Active Layer
For efficient device performance, the quantity of nanotubes in the active layer is 
considered to be an important factor. A series of experiments were carried out varying 
the nanotube concentration in the active layer and the optimum nanotube 
concentration required for efficient device performance found. The same process 
carried out for the reference device optimisation was followed for the O-MWCNTs 
introduced devices (following the procedures in 5.3) in order to avoid ambiguity in 
experimental procedures conducted and to compare devices on an equitable basis.
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6.3.1.1 Batch A: Variation of O-MWCNTs’ Concentration in the Active 
Layer with 15 m g  each of P3HT and PCBM
In this section, 0.01 mg, 0.05 777g ,0.10 mg and 0.50 777g of O-MWCNTs were 
introduced to the P3HT:PCBM (15 mg each) photoactive solution (prepared as 
mentioned in 6.3) and the OPV devices were fabricated. (As discussed in seetion 
5.3.1)
Figure 6.6 shows the J-V eharaeteristics of the deviees at different nanotube loading 
in the active layer, fabricated at 15:15 mg of P3HT:PCBM composition with 1X0/ 
P3HT:0-MWCNTs:PCBM/BCP/Al device structure. The corresponding deviee 
parameters are given in Table 6.1 and presented in figure 6.7.
O-MWCNTs Concentration wt% 
0.00 
0.03 
0.16 
0.33 
0.83
/
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Figure 6.6: J-V characteristics of OPV devices fabricated with 0 wt% (solid blue circles), 
0.03 wt% (solid red squares), 0.16 wt% (solid green triangles), 0.33 wt% (solid dark green 
circles), 0.83 wt% (solid orange squares) and 1.6 wt% (solid brown squares) o f O-MWCNTs.
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Table 6.1: Fundamental OPV device parameters for P3HT;PCBM system with different O- 
MWCNT concentrations (given in weight percentage). The associated error for each 
parameter is given in parentheses.
O-MWCNTs Voc(±0.01) J,c(±0.14) F’F (± 1 .3  ) jPCE (± 0 .04)
Concentration i V ) (%) (%)
jc/«g/I5:15 w t%
0.00 0.00 0.60 6.32 68.6 2.60
0.01 0.03 0.57 6.37 61.8 2.21
0.05 0.16 0.59 7.51 63.5 2.81
0.10 0.33 0.60 6.08 62.3 2.28
0.25 0.83 0.59 6.00 60.2 2.14
0.50 0.16 0.53 6.02 51.2 1.64
In 0-MWCNT incorporated devices, the value does not fluctuate much at lower 
concentrations, but at a higher concentration, a decrease of F^^is observed. F^^of
P3HT:PCBM BHJ OPV is determined by the PCBM LUMO and P3HT HOMO. It 
has been reported that the HOMO of P3HT is affected by the nanotube loading in the 
active layer and can decrease the HOMO level of P3HT.^ '^^^ Hence, the observed 
decrease in the at higher O-MWCNTs concentration is possible due to the doping 
of nanotubes with P3HT during the solution preparation process.
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Figure 6.7: Variation of (a) open circuit voltage (b) short circuit current density 
(c) fill factor F F , and (d) power conversion efficiency PCE values versus O-MWCNTs
concentration.
It has been possible to enhance with the use of O-MWCNTs at a critical nanotube
concentration for the given D:A blend. This increase in the not due to the optical
absorption, as previously it has been shown that O-MWCNTs do not contribute in the 
optical absorption. However, this increase could be as a result of increased charge 
generation through efficient exciton dissociation and charge transport towards the 
respective electrodes. Furthennore, at this critical nanotube concentration, a better 
percolated network of P3HT:0-MWCNTs:PCBM is fonned and it aids the charge 
transport in the system. However, increase of O-MWCNTs in the active layer seems 
not to render higher J^^as can be seen from the device parameters. The drastic drop in
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the at higher nanotube loading indieates that the charge collection is minimised at 
the electrode suggesting a possible recombination mechanism in the system. The 
lower y^^is further supported by the calculated values (Table 6.2 and figure 6.8).
Table 6.2: Series resistance and shunt resistance {Rsh) values for the devices
presented in figure 6.6. The associated error is given in parentheses.
O-MWCNTs Concentration Rse (±1.2 ) (O cm ^) R ,h (± 2 0 )(O cm ^)
0.00 11.4 831
0.03 15.7 795
0.16 14.3 1049
0.33 14.7 781
0.83 15.2 726
1.6 16.0 232
G
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Figure 6.8: The plots of series resistance {R^e) and shunt resistance {Rsh) values on O- 
MWCNTs concentration.
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The lower values imply the existence of a higher leakage current across the 
device. At higher 0-MWCNTs concentration, the created percolated network can be 
destroyed creating more charge recombining centres. Furthermore, the increase in
implies that the well formed organic/metal contact at the critical nanotube loading, is 
affected. This is possible due to the presence of more protruding nanotubes in the 
active layer during the A1 electrode deposition. The surface roughness value of such a 
thin film is ~ 25 nm which is higher than the rest of the devices (~12 nm ).
From the results obtained, it can be concluded that there exist a critical nanotube 
concentration for a given active layer composition (depending on the weight of D & 
A) that leads to an optimum device performance. The value of
7.51 ± 0.14 obtained from 0-MWCNTs OPV devices compared to the
6.50 ±0.12 mAcm~^ of the standard reference device suggests that the nanotubes have 
actively contributed in the charge generation process from exciton and/or to the 
charge transport within the active material. At this optimum concentration, the 
nanotubes are more likely to be uniformly dispersed over the P3HT:PCBM active 
material creating minimum disorder in the structure and also leading to a smoother 
structure than the reference.
6.3.1.2 Batch B: Variation of O-MWCNTs’ Concentration in the Active 
Layer with 20 m g  each of P3HT and PCBM
In this section, 0.05 mg, 0.10 mg ,0.15 mg, 0.20 mg and 0.25 mg of 0-MWCNTs 
were introduced to P3HT:PCBM (20:20 mg of each) (solution prepared as mentioned 
in 6.3) and OP Vs were fabricated following the optimised reference device 
fabrication parameters given in section 5.3.2.
The figure 6.9 shows the J-V characteristics of the devices at different nanotube 
loading (with 20:20 of P3HT:PCBM) and the device parameters are presented in 
Table 6.3 and figure 6.10.
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Figure 6.9: J-V characteristics of OPV devices fabricated with 0 wt% (solid blue circles), 
0.12 wt% (solid red squares), 0.25 wt% (solid green circles), 0.38 wt% (solid dark green 
triangles), 0.50 wt% (solid red triangles) and 0.62 wt% (solid brown squares) of 0-MWCNTs.
Table 6.3: Fundamental OPV device parameters for P3HT:PCBM system with different O- 
MWCNT concentrations (given in weight percentage). The associated error for each 
parameter is given in parentheses.
O -M W C N T s
C o n c e n tr a t io n
V , ,  ( ± 0 . 0 1 )  
( K )
Jsc(±0.16 ) 
( in A c m  )
F F (± 1 .8  ) 
(% )
P C E ( ± 0 .0 6  ) 
(% )
x m g  /2 0 :2 0 WtVo
0 .0 0 0 .0 0 0 .6 0 8 .0 0 6 2 .3 3 .0 4
0 .0 5 0.12 0.61 5 3 4 5 7 3 1 3 6
0.10 0 .25 0 .6 2 5 A 3 6 2 3 2.10
0 .1 5 0 .3 8 0 .6 0 7 .5 0 6 0 .9 2 .8 2
0.20 0.50 0 .5 9 6 3 9 5 2 3 2.12
0 .2 5 0 .6 2 & 56 (±21 4 0 3 1.40
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Figure 6.10: Variation of (a) open circuit voltage (b) short circuit current density 
(c) fill factor FF , and (d) power conversion efficiency PCE values versus O-MWCNTs
concentration.
At the lowest nanotube eoneentration, the presenee O-MWCNTs has a minimal effeet 
on electron-hole separation and eharge generation resulting in a lower of
5.34±0.16 mAcnF^ from the device with AF of 57.2±1.8%. The increase in 7^. at 
higher O-MWCNTs concentration is likely due to the O-MWCNTs’ contribution to 
free charge carrier generation from the exeitons. However, the highest J of
7.50 ±0.16 is less than the reference device. At higher nanotube
eoneentrations, the K  ^value is lower, similar to the observation mentioned in section
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6.3.1.1 which further implies the lowering of the P3HT HOMO upon addition of O- 
MWCNTs.
The presence of O-MWCNTs in the active layer has decreased FF  values. Among the 
nanotube introduced devices, the highest F F  observed is ~ 61 %. The variation of 
F F  follows the same trend as observed in section 6.3.1.1. F F  is governed by
and the maximum power delivered from the device. Maximum power delivered 
by the device depends on and values, (i.e. the squareness of the J-V curve 
maximises the maximum power rectangle, figure 2.2). Low R^^ and high render 
higher power output. Higher F^g could be due to poor charge transport mechanism in 
the system or poor charge extraction at the electrode.
At the optimum O-MWCNTs concentration (Table 6.4 and figure 6.11), almost 
similar F^g value (13.2±l.li2bm^) as the reference ( 13.l±l.l/2bm ^ implies a 
minimum destruction to the charge transport within the active layer and charge 
extraction at the electrode. Furthermore, in terms of R^^, at this O-MWCNTs loading
the highest R^^ (620±17i2bm^) is calculated for nanotube incorporated devices
suggesting a lower leakage current from the device. Hence, the maximum power is 
achieved. However, at lower O-MWCNTs concentration, an optimum percolated 
network is not formed for charge transport and poor is achieved. At higher
loading, the presence of excess nanotubes creates more charge recombination centres 
in agreement with the lower current from the device. This charge recombination 
increases the leakage current and lowers the R^^ and subsequently lower F F .
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Table 6.4: Series resistance {Rgo) and shunt resistance {Rsf)  values for the devices 
presented in figure 6.9. The associated error is given in parentheses.
O-MWCNTs Concentration 
(wt%)
Rse (±1.1) (Q cm ^) Rsh (±17) (H em ")
0.00 13.1 679
0.12 16.5 528
025 13.5 590
0.38 13.2 620
0.50 13.6 413
0.62 223 189
74 ^ 800
- 7 0 0
c
a - 6 0 0
%
- 5 0 0
- 4 0 0
- 3 0 0
-200
-100
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Figure 6.11: The plots of series resistance {R^e) and shunt resistance {R^i^) values on O- 
MWCNTs concentration.
Higher R^^ and lower 7?^ /^  values observed at other O-MWCNTs concentration
suggest that the bulk charge transport within the system and charge extraction is 
affected due to the non-optimal presence of nanotubes in the organic active layer.
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Hence, it is concluded that there exist a critical O-MWCNTs concentration for a given 
active layer composition which allows to optimise all the OPV parameters.
6.3.2 P3HT:0-MWCNTs:PCBM Thin Film Formation Techniques
In the process of further enhancing the performance, the surface morphology has 
proven to be an important parameter. Hence, spin coating of the active layer was 
monitored and found that different kinds of thin films can be formed depending on the 
spin coating techniques utilised. Spinning conditions were changed by varying 
spinning speed and spinning time while striving to achieve a fine surface morphology 
for the spin coated films. The OPV device parameters at different spinning speeds 
and time (different thin film formation techniques) with 0.38 wt% are given in Table 
6.5 and selected J-V curves are shown in figure 6.12.
Table 6.5: Fundamental OPV parameters for the devices fabricated from P3HT:0- 
MWCNTs:PCBM hybrid films at given spinning speeds (rpm) and spinning time (s) with the
film thickness. (V),  {mAcm~^), FF  (%) and PCE (%). The associated error for
each parameter is given in parentheses.
Parameters/ 
Spinning Speed
Film Thickness 
{nm)
V^ oc 
(±0.01)
iV )
*^ sc
(±0.15)
{mAcm~^)
FF
(±1.9)
(%)
PCE
(±0.05)
(%)
650 180 (80 S) 0.60 7.25 65.70 2.86
200 (60 S) 0.61 7.45 66.08 3.00
230 (40 S) 0.60 7.85 54.67 2.54
500 200 (80 S) 0.60 7.57 65.65 2.98
220 (60 S) 0.60 7.85 61.76 2.91
240 (40 S) 0.60 7.17 64.90 2.79
400 240 (80 S) 0.61 8.34 60.97 3.04
300 260 (100 S) 0.60 7.39 63.92 2.83
200 320 (100 S) 0.59 7.57 60.04 2.68
Enhanced Charge Extraction from Organic-Carbon Nanotube Hybrid Devices 119
Paramters (thickness (nm), speed (rpm), time(s)) 
180 nm, 650 rpm, 80 S 
220 nm, 500 rpm, 60 S 
240 nm, 400 rpm, 80 S 
260 nm, 300 rpm, 100 S 
320 nm, 200 rpm, 100 S
0.2 0.3 0.4
Voltage (V)
Figure 6.12: J-V characteristics for P3HT:0-MWCNTs;PCBM devices at different active 
layer deposition parameters at 0.38 wt% of O-MWCNTs concentration.
According to the OPV parameters presented above, the highest of
8.34+0.15 mAarf^ has been achieved at 240 nm thickness arrived by spinning at 400 
rpm for 80 S. The modelled optimal active layer thickness of 220 nm for
P3HT:PCBM^^ needed to be increased for the O-MWCNTs introduced device. At a
higher active layer thickness of 2A0nm , the deviee delivers a J of 8.34 mAcm
where the reference is only 8.00 mAcm~^. Although the nanotube incorporated 
devices can be fabricated with the same thickness of 240 nm under different spin 
coating conditions (500 rpm for 40 S), the (of 7.17 mAcm~^) is observed to be 
poor. The optimised devices posses higher FF values with much higher (1.2 ±
0.05 kClcnH) and with lower (12 ± 2.0 Q.cm^) than the devices fabricated with
Batch A processing conditions suggesting a well optimised fabrication technique in 
detennining optimum O-MWCNTs based P3HT:PCBM devices. Therefore, it is 
suggested that the active layer thickness alone is not the optimising factor for O- 
MWCNTs introduced devices but the thin film formation technique too.
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A possible reason for increased achieved at a certain spinning speed and time
could be the formation of well distributed ordered P3HT:0-MWCNTs:PCBM 
structure in the active layer. An ordered structure can lead to efficient exciton 
dissociation and charge transport. In order to monitor the structural changes 
depending on the thin film formation parameters, optical absorption spectra are 
collected and normalised spectra at 556 nm peak are given in figure 6.13.
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Figure 6.13: Normalised absorption spectra (at 556 nm) of thin film P3HT:PCBM spun at 
750,40 (220 nm) (solid black line) and P3HT:0-MWCNTs:PCBM (0.38 wt% of O- 
MWCNTs) spun at 750,40 (220 nm) (solid blue line), 500,40 (240 nm) (solid red line) and 
400,80 (240 nm) (solid green line).
According to figure 6.13, the ratio of 1 {601 nm )jI {556nm) is increased for P3HT:0- 
MWCNTs:PCBM thin film achieved by spinning at 400 speed for 80 S. This increase 
in the 607 nm peak with respect to 556 nm corresponds to more ordered structures of 
P3HT molecules. Agreeing to previous results presented in section in 6.2.3, 
MWCNTs has improved the structure of the existing reference active layer. Further, 
the use of O-MWCNTs at optimal concentration has delivered highest J compared
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to the reference This enhancement in is an evidence of efficient exciton
dissociation and charge transfer occurred as a result of forming a well ordered 
network of P3HT:O-MWCNTs:PCBM. Furthermore, from the spectra it is evident 
that the structural organisation of P3HT:0-MWCNTs:PCBM is better than the 
reference and the higher of P3HT : O-MWCNTs :PCBM compared to the reference.
In further reports^^ this enhancement of optical absorption is attributed to the 
P3HT:PCBM crystallization and the reduction of interface reflection. The refractive 
index of PEDOT is 1.48-1.55 and for P3HT:PCBM is 1.9 at 510 n m . If the index 
difference can be reduced, the interfacial reflectance decreases and more light will be 
transmitted in to the underlying structure. The refractive index of organic film 
decreases with the thermal annealing, the reflectance at the interface is reduced. Since 
these devices are at optimised annealing temperatures, the interface reflectance at the 
PED0T/P3HT:PCBM interface is reduced. Due to the interfacial reflectance and 
interference, the electric field in the active layer varies dramatically. It has been 
shown that the electric field intensity of the P3HT:PCBM layer with thickness of 140 
nm is weak and at a thickness of 200 n m , the electric filed is strong, and the field 
further decreases up to 260 nm The optical absorption spectra given in figure 6.13 
are for active layer thicknesses higher than 200 n m . Hence, according the reported 
values, the affect of the optical interference and the electric-field re-distribution at the 
240 nm active layer thicknesses on device performance is considered to be minimal.
The following sections of this Chapter are devoted for the analysis of the increased 
. Knowing the fact that a better structural organization can be achieved by the use 
of MWCNTs with the correct spinning conditions, further investigation is carried out 
to identify the reasons for the higher In order to further understand the
mechanisms for the net current enhancement by the addition of O-MWCNTs, photo­
physical studies on these thin films were carried out.
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6.4 External Quantum Efficiency (EQE) of the Devices
In order to explain the origin of the photo-generated eurrent enhancement in the 
fabricated devices, the number of charges generated to that of incident photons (EQE) 
is collected as a function of wavelength. Generally, EQE for most photovoltaic 
devices is reduced due to the effects of optical losses such as transmission and 
reflection, and due to the recombination effects. However, it is often useful and 
interesting to examine the quantum efficiency of the device since it can reveal more 
information on how recombination affects the net extraction of eharge to the external 
circuit as a function of wavelength. A comparison of EQE for P3HT:PCBM, P3HT:p- 
MWCNTsiPCBM and P3HT:0-MWCNTs:PCBM optimised devices (hence different 
wt%) are given in figure 6.14.
P3HT:PCBM 
P3HT:p-MWCNTs:PCBM 
P3HT:0-MWCNTs:PCBM
= 4 0 -
450 500 550 600
Wavelength (nm)
Figure 6.14: EQE values for devices of P3HT:PCBM (solid blue circles), P3HT:p- 
MWCNTs:PCBM (0.33 wt% of p-MWCNTs) (solid red squares) and P3HT:0- 
MWCNTs:PCBM (0.38 wt% of O-MWCNTs) (solid green triangles) at different
wavelengths.
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From the EQE speetra given in figure 6.14, it can be observed that photo-current 
generation through light harvesting in the active layer occurs throughout the 
electromagnetic spectrum from 200 nm -650 nm peaking in the visible region. EQE 
for the P3HT:PCBM device shows a maximum of 57% (at 508 nm)  while for the 
P3HT:O-MWCNTs:PCBM device the maximum is 62% at (521 nm ). Observed EQE 
enhancement throughout the visible range in the O-MWCNTs device is in perfect 
agreement with the higher values observed in the device characteristics discussed
previously. Although a consistent enhancement of EQE is observed upon the addition 
of O-MWCNTs compared to the reference device, a considerable increase in the 
collected electrons has been observed in the wavelength regions of 350 nmto 425 
nm and 570 nm to 620 n m .
As can be observed from figure 6.14, the significant improvement of the value for
the P3HT:0-MWCNTs:PCBM deviee can be attributed to the considerable 
enhancement in the EQE in the blue and green region of the electromagnetic 
spectrum. Generally, the high energy blue light is absorbed very close to the surface, 
and usually high front surface recombination affects the “blue” portion of the 
quantum efficiency. Similarly, lower energy green light is absorbed in the bulk of the 
deviee and low diffusion length affects the collection probability from the device, 
reducing the EQE in the “green” portion of the spectrum. Hence, the observation of 
enhanced EQE results from P3HT:O-MWCNTs:PCBM device in the blue and green 
regions can be directly related to the reduced recombinations and increased carrier 
mobility^^’^ ,^ as well as a possible increase in the exciton diffusion length, EDL, 
which minimises the exciton decay leading to efficient eharge separation in the 
system.
Reduction of recombination in the P3HT:PCBM system is considered to be necessary 
towards achieving an increased net current (higher EQE) in the device. A similar 
observation has been reported by Kim et al.^  ^ for the P3HT:PCBM material 
combination suggesting that the reduced recombination in the system has been able to 
increase the EQE. The high efficiencies in these devices is proposed as a consequence
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of microcrystalline lamellar stacking in the solid state packing of the which
result in higher mobility and hence reduced recombination in the system. 
Furthermore, the results presented by Yoo et al.^° are in agreement which claims for 
an increase in the EQE as a result of efficient charge separation at the D/A 
heterojunction and higher EDL in the donor material. Hence, the higher EQE in the 
P3HT:0-MWCNTs:PCBM system can be interpreted as an efficient charge transfer 
and exciton dissociation at the D/A heterojunction, and subsequent charge transport 
towards the electrodes. Since the improvement is observed only upon addition of O- 
MWCNTs, it is more than likely that the O-MWCNTs act as additional sites for 
exciton dissociation (exciton dissociation centres, EDCs) in the active layer. In order 
to build a hypothesis on this phenomena, PL analysis was used for charge transfer 
studies of the active layer and is presented in the following section.
6.5 Photoluminescence (PL) Quenching of Organic-Carbon 
Nanotube Hybrid Thin Films
6.5.1 PL Spectroscopy in the OPV Study
Photoluminescence spectroscopy is a contactless and non-destructive method of 
probing the electronic structure of materials. The sample absorbs photons which leads 
to photo-excitation of electrons within the material to permissible higher energy 
states. The excited electrons can return to the ground state through the dissipation of 
the excess energy through a radiative process (as emission of photons) or non- 
radiative process (as phonons). The energy of the emitted light (luminescence) relates 
to the difference in energy levels between the excited state and the final state. In the 
case of photo-excitation, this luminescence is called photoluminescence. The 
emission wavelength as well as intensity of the PL signal can be used as a direct 
measure of the band gap of the material and recombination mechanisms occurring in 
the material.^ ^ Hence, analysis of PL helps in understanding the underlying physics of 
radiative recombination mechanism in a given system.
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PL in OPV films, in terms of recombinations can be used in investigating the charge 
generation from the exciton (exciton dissociation process).^^ In organic systems that 
display a photo-response, a decrease in the PL signal (less recombination), often 
known as PL quenching, is usually attributed to the efficient charge generation in the 
system. Hence, the quantity of PL quenching in the system can be used as a measure 
of exciton dissociation which is a governing factor is determining the performance of 
organic photovoltaic devices compared to its inorganic counterpart.
6.5.2 PL Spectroscopy of P3HT:O-MWCNTs:PCBM Thin Films
In relating the observed improved and enhanced EQE of P3HT:0-
MWCNTsrPCBM, monitoring the charge transfer and exciton dissociation process in 
these films is of utmost importance. Hence, in order to understand the contribution of 
exciton dissociation to the higher the PL signal of a thin film of P3HT:0-
MWCNTs:PCBM was collected and shown in figure 6.15. The PL speetra of 
P3HT:PCBM and P3HT:p-MWCNTs:PCBM thin films are shown in the same figure 
for comparison. Since these thin films correspond to the optimised devices, the active 
layer thicknesses and nanotube loadings are different, and are indicated the figure 
captions in parentheses.
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Figure 6.15: PL spectra for P3HT (100 nm, 20 ing/ml) (solid orange line) at a xO.l 
magnification, P3HT:PCBM (220 nm) (solid blue circles), P3HT:p-MWCNTs:PCBM (140 
nm, 0.33 wt% of p-MWCNTs) (solid red squares) and P3HT;0-MWCNTs:PCBM (240 nm, 
0.38 wt% of O-MWCNTs) (solid green triangles) films.
In the above spectra, the observed PL signature around 640 nm{\.9\ eV)  
corresponds to the energy gap (the difference between HOMO and LUMO of the 
P3HT^^) and the shoulder peak at 710 nm coiTcsponds to the radiative decay of 
exeitons between the intennediate (vibronic) states of P3HT."^’"^  It is clearly 
observed that there is a significant reduction in the PL intensity of the P3HT 
luminescence peaks upon addition of PCBM (1:1 of P3HT:PCBM). This reduction is 
related to the dissociation of photo-generated exeitons in P3HT at the interface 
between P3HT and the electron accepting PCBM molecules.^^ In addition to the 
above PL features, another emission peak is observed around 680 nm for the blends 
which corresponds to the emission from the singlet excited state of PCBM.
The addition of p-MWCNTs to the P3HT:PCBM is observed to reduce the PL 
intensity with similar PL features compared to P3HT:PCBM. On the other hand, the
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introduction of O-MWCNTs to the P3HT:PCBM system quenches the PL signal even 
further and significantly reduces the PL yield compared to the previous systems. Two 
reasons can be attributed to the observed decrease in the PL yield: (1) Exciton 
dissociation or (2) non-radiative recombination due to the addition of nanotubes 
(through processes such as Auger recombination). The fact that the and the EQE
display an enhancement upon the addition of O-MWCNTs suggests that the exciton 
dissociation as the most probable cause for the decrease in the PL yield. Hence, the 
observed very weak PL intensity indicates a more efficient charge separation process 
in the P3HT:O-MWCNTs:PCBM film which indicates that the O-MWCNTs affects 
the exciton dynamics more within the photo-active blend compared to the p- 
MWCNTs in the same configuration.
In order to further quantitatively evaluate the radiative recombination processes in the 
active layers discussed above, the area integrated PL intensity for each material 
system is analysed with respect to that of P3HT (Table 6.6). From the calculated 
values, it is observed that while the addition of PCBM leads to a lower PL yield of ~ 
4.0%, the addition of nanotubes leads to a further decrease which especially in the 
case of O-MWCNTs leads to a more efficient charge extraction with 1.6 % PL 
efficiency (98.4 % exciton separation).
Table 6.6: PL efficiency values for P3HT:PCBM, P3HT:p-MWCNTs:PCBM and P3HT:0- 
MWCNTs:PCBM with respect to 100 % efficiency o f P3HT.
Material System PL Efficiency (%)
P3HT 100
P3HT:PCBM 4.0
P3HT:p-MWCNTs:PCBM 3.1
P3HT:0-MWCNTs:PCBM 1.6
In addition to the exciton dissociation process, several other mechanisms being 
responsible for PL quenching could occur such as the changes in the structural
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ordering of P3HT molecules upon addition of O-MWCNTs, non-radiative 
recombinations and optical losses due to different absorption coefficient and light 
collection efficiency.
Recently, it has been shown "^  ^that PL intensity of charge transfer exeitons are strongly 
dependent on the regioregularities of P3HT. Generally, stronger PL intensity is 
observed for RRa-P3HT compared to RR-P3HT. These observations are consistent 
with the characteristics of emission fi-om different phases (amorphous vs crystalline) 
of P3HT molecules (ie. red shifted and less emissive PL signal from the more ordered 
phase of the molecules). However, it has been reported that upon addition of PCBM 
more quenched PL intensity is observed for RRa-P3HT:PCBM compared to RR- 
P3HT:PCBM. This PL quenching is much more significant, and attributed to better 
mixing of the amorphous phase RRa-P3HT polymer chains with the PCBM 
molecules, with the ordered RR-P3HT preventing PCBM molecules inter-diffusing in 
to the polymer chains. This can lead to less efficient interaction and hence less PL 
quenching. Since RR-P3HT was used throughout this work, the affect of 
regioregularity of P3HT on observed PL quenching can be considered as minimum.
The possibility of non-radiative recombinations occurring in the system has to be 
accounted. The addition of O-MWCNTs to P3HT could modify the electron 
delocalisation of P3HT, hence creating additional energy states between the energy 
gap of the polymer. These energy states can trap charges and especially the excited 
electron can thermalise through transferring to these states without emitting a photon. 
This is an exeitons loss process and so reduce the . However, the higher and
higher EQE achieved from the devices indicate that the probability of exciton 
dissociation is higher than the exciton decay process.
The strength of the PL signal is dependent on the sample thickness. The thicker the 
sample, the higher the PL intensity. In this work, optimised P3HT:0- 
MWCNTsrPCBM device performance is achieved at 240 nm thickness compared to 
the reference device thickness of 220 n m . However, a weaker PL signal was detected 
for the 240 nm thin film compared to the 220 nm film and it suggests that despite the
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increase of film thickness there exist other mechanisms governing the PL counts. The 
low PL intensity at this particular thickness is an indication of a better ordered active 
layer, which was achieved by the addition of O-MWCNTs. This is in agreement with 
the optical absorption spectra given figure 6.13.
6.6 Exciton Dissociation Centers in P3HT:0- 
MWCNTs:PCBM Thin Films
Based on the previous device characteristics as well as optical spectroscopic analysis, 
it is evident that the incorporation of O-MWCNTs into OPV devices show better 
results than the p-MWCNTs incorporated devices.^^’^  ^ Despite the developments 
reported in this field, several issues need to be addressed in understanding exciton 
dissociation and exciton dynamics in OPV devices fabricated from P3HT:0- 
MWCNTs:PCBM composites. In BHJ OP Vs, it is assumed that a phase separated 
donor/acceptor (D/A) heterojunction exists with a characteristic length comparable to 
the EDL o f -10 Mm If the exeitons are created within an average EDL (5-10 nm 
from D/A interface), they are believed to dissociate and be transferred to their 
respective p h a s e s . O t h e r  exeitons recombine radiatively or non-radiatively with 
the former yielding a PL.
The BHJ structure consisting of phase separated D and A interfaces in the nano-scale 
range is important for the effective dissociation of exeitons into free electrons and 
holes. The perfect D/A bicontinuous network and the fine nano-scale morphology are 
key factors for efficient exciton dissociation through the provision of additional 
charge generating sites also called as EDCs. As depicted in figure 6.16 (a) in the 
P3HT:PCBM BHJ system, an exciton is created in the P3HT molecule, and the high 
electron affinity PCBM receives the electron from the donor upon the dissociation of 
the exciton. The energy offset at the LUMO of D and A molecules is the important 
feature in exciton dissociation in these heterojunction based OP Vs and this energy 
offset leads the electron transfer from P3HT LUMO to PCBM LUMO (figure 6.16 
(a)). This exciton dissociation at the D/A interface could be enhanced if another
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heterojunction exist in eontaet with the donor phase (figure 6.16 (b)). The existenee of 
the P3HT/0-MWCNTs interface is energetically favourable in providing more 
conducive environment for enhanced exciton dissociation to take place (figure 
6.17(b)).
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Figure 6.16: Schematic diagram for (a) P3HT:PCBM and (b) P3HT:0-MWCNTs:PCBM 
composites illustrating the possible exciton dissociation in the films.
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Figure 6.17: Energy diagram depicting possible exciton dissociation mechanism occurring in 
the (a) P3HT:PCBM (b) P3HT:0-MWCNTs;PCBM systems.
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For the P3HT:0-MWCNTs: PCBM composite, the electron delocalisation in the 
P3HT has been modified in the presence of CNTs within the system/^ A similar 
observation has been reported by Park et al.^  ^ for P3HT:MWCNTs composite 
suggesting that with the addition of carbon nanotubes to P3HT, delocalisation of 
charges leads to a decrease of the HOMO level of the P3HT by 0.3 eV. Previous 
investigations carried out by Hatton et al.^ ® have indicated that the carboxylic groups 
on the surface of MWCNTs obtained through acid oxidation increases the work 
function of MWCNTs shifting it closer to the valence band of the polymer.^® 
Furthermore, it has been reported^^ that the energy level difference between the 
P3HT and nanotubes leads to an exciton dissociation and subsequent hole transfer to 
the nanotube. Additionally, Khatri et al^  ^ has discussed the possibility of functional 
groups acting as EDCs. Relating these reported observations with the enhanced 
charge collection from our devices, it can be suggested that the existence of P3HT/0- 
MWCNTs nano-heterojunctions are favourable in improving the exciton dissociation 
process.
Hence, in the P3HT:0-MWCNTs:PCBM BHJ system studied in this work, it is 
suggested that O-MWCNTs form P3HT/0-MWCNTs nano-heterojunctions in 
addition to the conventional P3HT/PCBM heterojunctions, and aid the exciton 
dissociation through the creation of EDCs.
6.7 Other Functionalised MWCNTS Incorporated OPV 
Devices
The observation of enhanced photo-current through the use of O-MWCNTs in the 
P3HT:PCBM active layer lead to the consideration of other functionalised MWCNTs 
in the same system. Hence, other functionalised MWCNTs: thiophene-MWCNTs (T- 
MWCNTs), amine- MWCNTs (A- MWCNTs) and thiophene-amine- MWCNTs (TA- 
MWCNTs) were utilised in the P3HT:PCBM OPVs.^^ Figure 6.18 represents Raman 
spectra of these functionalised MWCNTs.
Enhanced Charge Extraction from Organic-Carbon Nanotube Hybrid Devices 132
  p-MWCNTs
■— T-MWCNTs 
— A-MWCNTs 
TA-MWCNTs
3
03
C
s
ca
E
s,
1200 1400 1600 1800 2000
Wavenumber (cm )
Figure 6.18: Raman spectra of pristine (black line), thiophene (orange square), amine (red 
squares) and thiophene-amine (blue cireles) functionalised MWCNTs.
Figure 6.18 shows the Raman spectra o f  chemically functionalised M W CNTs with 
amine, thiophene and amine-thiophene functional groups. The influence o f  the 
functional groups on nanotube surface is observed through changes in the nanotube 
characteristics peaks: D- band at 1340 and G-band at 1577 cm"' .The intensity 
ratio o f  D band to G band, R=lj^/1(^ , o f  functionalised MW CNTs has been 
extensively exploited as an indication o f  the covalent attachment o f  functional groups. 
The increase in the ratio o f  l o j l c  for amine (0.77), thiophene (0.84), amine- 
thiophene (0.90) functionalised M W CNTs relative to the p-M W CNTs (0.60) 
(The value for p-MWCNTs was different from section 5.6.3 due to different
batches o f  MWCNTs) is related to the introduction o f  amine, thiophene and amine- 
thiophene bi functional groups to the nanotube surface. Furthermore, in order to 
further verify these attached side groups, FTIR spectra o f  these samples were 
collected and shown in figure 6.19.
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F igure 6.19: FTIR spectra of pristine (black), oxidised (green), thiophene (orange), amine 
(red) and thiophene-amine (blue circles) functionalised MWCNTs.
In the A-MWCNTs FTIR spectrum, the appearance of band around 1616 cm~^ is
assigned to the amide carbonyl s t r e t c h . I n  addition, the presence of 1152 cm~^
band corresponds to C-N stretching of amide g r oup s . The  band at 3402 is a 
clear indication of N-H stretching vibrat ions .The shift of acid carbonyl band at
1623 cm~^ for O-MWCNTs to 1616 for A-MWCNTs indicates the constraints 
in the C=0 stretching as a result of the attached amine group in creating amide 
linkage bonds.^^ The FTIR spectra for T-MWCNTs and TA-MWCNTs show bands at
1626 cni~  ^ (amide carbonyl), 3402 cin~  ^ (N-H stretching) and 1150 (C-N
stretching and N-H bending). Moreover, they show absoiptions at 984 cm~^ 
associated with the thiophene ring.^^
These functionalised MWCNTs were incoiporated in to the blend of P3HT:PCBM 
(15:15) at 0.10 mg, 0.05 mg and 0.02 mg loading following the procedure 5.3.1 A. 
(nanotube concentration in weight percentage are 0.3 wt%, 0.15 wt% , 0.075 wt%
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respectively) The OPV parameters of the best devices are given in Table 6.7 and the 
corresponding graphs are depicted in figure 6.19.
Table 6.7: OPV parameters for other (amine, thiophene, amine-thiophene) functionalised 
MWCNTs incorporated devices. (MWCNTs concentrations are given in parentheses)
Parameter/Device Voc ( F ) i^^{ntAcm  ^) F F  (%) PCF (%)
T-MWCNTs (0.3 wt%) 0.62 6.49 62.3 2.52
A-MWCNTs (0.3 wt%) 0.59 6.08 44.6 1.67
TA-MWCNTs (0.15 wt%) 0.56 6.45 58.9 2.16
A-MWCNTs 
TA-MWCNTs 
-A— T-MWCNTs
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)
F igure 6.20: J-V characteristics of the thiophene (solid dark green triangles), amine (solid 
brown squares) and thiophene-amine (solid dark blue circles) functionalised MWCNTs 
incorporated OPV devices.
Under the same conditions, the devices in the presence of other functionalised 
MWCNTs exhibit different device characteristics. The device with T-MWCNTs 
demonstrate the maximum efficiency of 2.52 % with a F of 0.62 F , J  of 6.49
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mAcm~^ and FF of 62.3%. However, the devices with A-MWCNTs have shown only 
1.67 % PCE with reduced device characteristics. The device with the bi-functional 
group attached MWCNTs has been able to improve J^^and compared to the amine 
mono functionalised MWCNTs incorporated devices.
The observed variances in the device performance is attributed to different levels of 
compatibility of the P3HT:PCBM active layer with the functionalised MWCNTs. In 
the solution preparation process, MWCNTs were first stirred with P3HT. Due to the 
structural similarities and nanotube solubility in DCB, the intimate mixture of P3HT 
and T-MWCNTs could have lead to a better dispersion. Furthermore, the side chain of 
the thiophene ring in T-MWCNTs contains NH2  which is believed to enhance the 
solubility. Improved solubility of T-MWCNTs in DCB allows preparation of 
homogeneous solution of nanotubes included P3HT:PCBM which leads to a better 
active layer surface morphology. A smooth active layer is beneficial in exciton 
generation and charge transportation. Hence, higher values are achieved.
Furthermore, higher FF  achieved can be related to the low of 1 8 . 4 which 
in turn reflects the formation of a good organic /metal contact for charge extraction 
and high of 592 /2 cm^ indicating a minimised recombination pathways.
Although it is expected that better result would be achieved from A-MWCNTs 
incorporated devices, the poor suggest that the A-MWCNTs/PCBM
heterojunctions’ contribution in exciton dissociation is minimal and the existence of 
leakage current in the system. The low R^  ^ of 266/2 cm^ is an indication of 
occurrence of possible recombination pathways in the P3HT:A-MWCNTs:PCBM 
system. {R^ j^  of 592/2cm^ for T-MWCNTs and 568/2cm^ for TA-MWCNTs 
incorporated devices) As can be seen from the J-V curve, R^  ^ of these devices is 
increased up to the value of 34.8/2cm^ compared to T-MWCNTs (18.4/2cm^) and 
TA-MWCNTs (13.7/2cm^ ) functionalised groups introduced MWCNTs based
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devices. Hence, the lower and increased R^  ^ has reduced the FF  of the device 
significantly.
The decreased value from devices including A-MWCNTs is an indication of that
the electronic structure at the P3HT/PCBM heterojunction is affected. This could be 
due to the presence of NH2  group in the vicinity of PCBM molecules which could 
modify the electron affinity of PCBM. value of the devices fabricated with TA-
MWCNTs (contains another NH2  group in the thiophene ring in addition to the NH2  
group in amine chain) is further reduced up to 0.56 V . This further supports the 
argument mentioned above that the presence of molecules with two chemical affinity 
values could alter the energy bands at the heterojunction affecting the . As a result
of lower FF  and , the PCE of the A-MWCNTs incorporated device is
reduced.
6.8 Summary
Acid functionalisation of MWCNTs has enabled us to achieve better P3HT: O- 
MWCNTs: PCBM thin films compared to the p-MWCNTs counterpart. G band shift 
in O-MWCNTs incorporated thin films indicate P3HT and nanotube doping in the 
system and a possible hole transfer from P3HT to the nanotube. The 0-MWCNT 
incorporated OPV device fabrication routines were optimised, and 0-MWCNT 
concentration in the active layer and thin film formation techniques were identified as 
key factors in achieving better device performances. The presence of excess 
nanotubes in the system leads to more charge recombination centres rendering a poor 
where as at lower nanotube concentration, the absence of EDCs and connected
pathways diminishes the charge generation and transport in the system. At the critical 
O-MWCNTs loading and optimised thin film forming conditions, increase of 
/  (607 Mm)// (556 Mm) ratio in optical spectroscopy suggests more ordered structure of 
P3HT:0-MWCNTs: PCBM thin films is achieved, compared to the reference. Hence, 
charge generation is enhanced through efficient exciton dissociation and charge
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transport in the system which ultimately increased the up to 8.34 mAcm~^ 
compared to the reference J^^of 8.00 mAcnf^. Furthermore, the analysis on EQE and 
PL measurements has indicated that the higher achieved with P3HT:0-
MWCNTsiPCBM active layer device is due to the efficient exciton dissociation and 
reduced recombination of charge carriers occurring in the system compared to the 
reference system. The existence of P3HT/0-MWCNTs nano-heterojunctions in 
addition to the conventional P3HT:PCBM heterojunction is favourable in dissociating 
the exciton in the P3HT phase. The possibility of lowering the energy of P3HT 
HOMO in the presence of nanotubes is another factor in enhancing the dissociation 
process. Hence, it can be concluded that the role of O-MWCNTs in the P3HT:0- 
MWCNTs:PCBM as EDCs suggesting carbon nanotubes is a promising tertiary 
component to be utilized in P3HT:PCBM OP Vs to enhance J  .
In addition, amine, thiophene and amine-thiophene bi-functionalised MWCNTs were 
incorporated into P3HT:PCBM active layers to observe enhancement in the OPV 
devices’ performance. Among these groups, T-MWCNTs has rendered improved 
device characteristics suggesting that similar structural arrangements in the nanotube 
surface and active layer material is favourable for OPV device fabrication. A- 
MWCNTs and TA-MWCNTs rendered poor suggesting proper functional group
has to be selected to minimise the effect at PCBM/nanotube heterojunction. However, 
further experimental investigations are required in utilising these functionalised 
MWCNTs in P3HT:PCBM system in order to identify the most suitable functional 
group for the system.
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Chapter 7 
Device Engineering of the 
P3HT:0-MWCNTs:PCBM System and 
Charge Transport Analysis
7.1 Introduction
The introduction of P3HT/0-MWCNT heterojunction leads to an enhanced from
the P3HT:0-MWCNTs:PCBM OPV devices. However, additional improvements are 
required in order to improve the efficiencies further. It has been reported that 
existence of PCBM/nanotube heterojunctions is counterproductive for device 
performance and leads to increased recombination reducing the charge collection at 
the electrodes.^ In this Chapter, an investigation into possible techniques to isolate O- 
MWCNTs in the donor phase is presented in order to analyse the effect of P3HT:0- 
MWCNTs in the P3HT:0-MWCNTs :PCBM system. It is expected that, isolation of 
nanotubes in the D phase would reduce the recombination and lead to mono- 
molecular charge transport in the system. This should allow optimal transport of holes
140
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through the nanotubes and electrons through the acceptor. In order to achieve this 
task, layered device architectures of P3HT:0-MWCNTs and PCBM were considered.
In the process of isolating 0-MWCNTs in the polymer P3HT phase, the thin films of 
P3HT:0-MWCNTs and PCBM devices were fabricated using sequentially deposited 
(SD) thin films as the active layer. These devices can be favourable compared to the 
BHJ from the charge transport point of view, since the separated electrons and holes 
can easily be transported to each electrode with a lower possibility of recombination.
In addition to device engineering, dark J-V characteristic analysis through space 
charge limited current is exploited in identifying the charge transport mechanisms in 
the systems. Further investigation on space charge limited current in the devices is 
employed to estimate dielectric constant of the P3HT:0-MWCNTs:PCBM system 
compared to the P3HT:PCBM reference system.
7.2 SD Thin Film Preparation and Device Fabrication
In SD thin film preparation, there is an inherent difficulty associated with spin-coating 
of sequential layers since most conjugated organic molecules are soluble in similar 
solvents used for the deposition of the second layer. It has been demonstrated that 
there exist a set of solvents (orthogonal solvents) that allows sequential spin coating 
of polymer and fullerene layers to produce two layers. As the use of commonly used 
solvents such as DCB for the D and A phases leads to the dissolution of the first spin 
coated layer, orthogonal solvents are used in order to avoid/minimize the re­
dissolution of the first deposited underlying layer. For P3HT/PCBM devices, it is 
found that the organic solvents DCM and DCB meet this requirement.^ PCBM is 
sufficiently soluble in DCM while P3HT is sparingly soluble in DCM allowing the 
possibility of spin coating PCBM layers on top of P3HT with minimum re-dissolution 
of the P3HT underlayer during the spin coating process.
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For the device, 0.15 mg of 0-MWCNTs were dispersed in 0.2 ml of DCB. P3HT (15 
mg) solution in DCB (0.8 ml) was filtered to the nanotube solution and stirred for 6 
hours allowing for better nanotube-polymer interaction. 7 mg of PCBM was also 
dissolved in 1 ml of DCM and stirred for 6 hours. 0-MWCNTs incorporated SD 
OPV devices were fabricated on cleaned ITO substrates by spin coating the P3HT:0- 
MWCNTs solution at 1000 rpm for 90 S (first step) and 1500 rpm for 2 S (second 
step) followed by spin casting the PCBM layer at 5000 rpm for 30 S at 255 
acceleration (first step) and 1500 rpm for 2 S at 16 acceleration (second step) on top 
of the P3HT layer. In order to obtain a good surface morphology for the SD films, 
PCBM was deposited following the spin and drop method. The spin coated films were 
immediately annealed at 110 °C for 10 minutes. These values are the optimised 
settings for the SD film deposition. Thermal annealed SD thin films were transferred 
to the vacuum chamber for the BCP and Al deposition and then the SD devices were 
characterised.
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Figure 7.1: SEM Image of (a) non-optimised (P3HT spun at 750 ipm for 40 S (first step at 16 
acceleration) and PCBM spun at 2000 rpm for 30 S (first step at 255 acceleration) and 1500 
rpm for 2 S) (b) optimised P3HT/PCBM SD films.
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The SEM images of the drop-and-spin coated SD films are shown in figure 7.1. There 
are visible micro-meter sized lumps on the surface of the non- optimised (figure 
7.1(a)) composite film indicating a poor surface morphology. The technique of 
deposition of the PCBM layer is responsible for this situation. During the time 
between the dropping of PCBM onto the P3HT layer and spin coating, the surface 
structure gets disordered which is visible to the naked eye. Hence, a spin and drop 
method was utilised to coat the PCBM layer. When depositing PCBM, initially the 
P3HT film alone was allowed to spin for 6-8 S, and within the first 10 S, the PCBM 
solution was dropped onto the spinning P3HT film vertically for 20 S. By further 
adjusting the spinning speed and the acceleration, it was possible to achieve a good 
surface morphology as shown in the figure 7.1(b). The morphology of this film is 
found to be improved with decreased lump formation on the surface of the film.
7.3 Photoluminescence Quenching of SD Thin Films
As discussed in Chapter 6, photolumineseence spectroscopy can be used as a measure 
of exciton dissociation and charge transfer occurring at the D/A interface in thin films. 
In the process of relating the device performance (especially to the exciton
dissociation, a study using PL spectroscopy for the poIymeriO-MWCNTs/fulIerene 
SD hetero-structures is a good indirect measure of the exciton dissociation in the 
system.
To probe the exciton dissociation and charge reeombination of these thin films 
prepared following the SD technique, the PL spectra were collected and shown in 
figure 7.2. This figure also includes the PL spectra obtained for P3HT, P3HT:0- 
MWCNTs and BHJ systems for ease of analysis and comparison.
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Figure 7.2: Photoluminescence spectra for P3HT (100 nm, 20 mg/ml) (orange solid line) at x 
0.1 magnification, P3HT:0-MWCNTs (100 nm, 1.00 wt% of 0-MWCNTs) (solid dark 
brown squares), P3HT:0-MWCNTs/PCBM (SD) (150 nm ,1.00 wt% of 0-MWCNTs) (solid 
red triangles), P3HT/PCBM (SD) (150 nm) (solid green circles), P3HT:0-MWCNTs:PCBM 
(240 nm, 0.38 wt% of 0-MWCNTs) (BHJ) (hollow dark green triangles) and P3HT;PCBM 
(220 nm) (BHJ) (hollow blue circles).
From figure 7.2, it can be observed that the pure P3HT film shows an intense PL 
emission peak at 650 nm due to radiative recombination as a result of excited 
electron transitions between LUMO and HOMO energy levels of P3HT, with the peak 
at 712 nm arising due to radiative transitions between vibronic states of P3HT.^’^  
These peaks are quenched with the addition of 0-MWCNTs to the P3HT polymer 
matrix corresponding to exciton dissociation and charge transfer at P3HT/0- 
MWCNTs interface. Furthennore, it should be noted that a peak shift is not observed 
for the P3HT:0-MWCNTs composite film indicating that the effective conjugation 
length of P3HT has not been altered by the addition of 0-MWCNTs.^
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Upon addition of PCBM, a further PL quenching is observed in both SD and BHJ 
devices. Although the BHJ system still shows some emission, the emission is almost 
completely quenched for the SD layer indicating very efficient exciton dissociation in 
the latter suggesting the SD to be the better device fabrication technique in optimising 
exciton dissociation. For the purpose of comparison, PL of the reference device 
structures for P3HT:PCBM (BHJ) and for P3HT/PCBM (SD) are also depicted in the 
same figure. It is worthwhile to note that the PL of these films are higher than their 
corresponding 0-MWCNT incorporated systems due to the poorer exeiton 
dissociation and charge transfer occurring in the conventional P3HT:PCBM BHJ 
system indicating the importance of adding carbon nanotubes as a tertiary component.
It is proposed that the addition of 0-MWCNTs into the P3HT:PCBM system enables 
a lower binding energy of the exciton^ and thereby enhaneing the exciton dissociation 
in this system.^ Of the free charges generated, only those closer to the heterojunction 
have the possibility of recombining (figure 7.3(a)). Other charges that are swept away 
from the heterojunction, migrate towards the eleetrodes without detrimental charge 
recombination. Hence, the probability of recombination is low in SD films. However, 
in BHJ system the intimate mixture of D:A, D/A heterojunctions exists throughout the 
film resulting in higher recombination probability of dissociated charges than in the 
SD films (figure 7.3 (b)). The minimisation of reeombination in SD films is further 
supported by its monomolecular charge transport as a result of separating D and A 
layers. Hence, it is suggested that the SD device architecture is encouraging in terms 
of minimising recombination, and an enhanced device performance can be expected 
from these SD devices.
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Figure 7.3: Possible recombinations occurring in the (a) P3HT:0-MWCNTs/PCBM SD and 
(b) P3HT:0-MWCNTs;PCBM BHJ active layer thin films.
7.4 SD OPV Device Characterisation
In order to investigate photovoltaic device performance of SD films; especially the 
effect of PL quenching on the SD OPV devices were fabricated and
characterised. The J-V characteristics of the devices P3HT/PCBM (SD) and P3HT:0- 
MWCNTs/PCBM (SD), are depicted in figure 7.4. Furthermore, figure 7.4 includes 
the highest reference and highest 0-MWCNTs incorporated device perfonnance 
(from Chapter 5) achieved for P3HT:PCBM BHJ system throughout the course of the
study for comparison purposes. (Device size for SD and BHJ devices are 76 mnr).
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Figure 7.4: J-V characteristics for P3HT:0-MWCNTs/PCBM (1.00 wt% of 0-MWCNTs) 
(SD) (solid red triangles), P3HT/PCBM (SD) (solid green circles), P3HT:0- 
MWCNTs:PCBM (0.38 wt% of 0-MWCNTs) (BHJ) (hollow dark green triangles) and 
P3HT:PCBM (BHJ) (hollow blue circles) devices.
The corresponding OPV parameters are given in Table 7.1.
Table 7.1: Fundamental OPV parameters for devices fabricated from P3HT:0- 
MWCNTs/PCBM (SD), P3HT/PCBM (SD), P3HT:0-MWCNTs:PCBM (BHJ) and 
P3HT:PCBM (BHJ) device architectures.
Composite/Parameter ^oc
(V )
*^ sc
(ntAcm~^)
FF
(%)
PCE
(%)
P3HT:0-MWCNTs/PCBM (SD) 0.64 6.51 62.3 2.62
P3HT/PCBM (SD) 0.61 7.07 63.6 2.84
P3HT:0-MWCNTs:PCBM (BHJ) 0.60 9.15 70.1 3.86
P3HT:PCBM (BHJ) 0.60 9.23 71.4 3.91
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From the device characteristics, the for P3HT:0-MWCNTs/PCBM SD devices 
are observed to be slightly higher compared to the BHJ counterparts. Although the 
Fgg of OP Vs is generally governed by the difference between the HOMO of D and
LUMO of A molecules^ (AE) the recent the work reported by Tada et al.  ^on bi-layer 
polymer photovoltaics has showed that the electronic structure at the interface 
depends also on the contact between the D and A at the heterojunction. At these bi­
layer D/A heterojunction, as a result of molecular orientation and electronic coupling 
of D and A molecules, an interfacial dipole moment is induced at the contact. It has 
been shown that this aligned dipole moments at the D/A interface govern the of
bi-layer devices. It is further reported that a high value can be achieved by 
fonning aligned dipoles at the D/A interface.^ Based on these reports, the slight 
increase of observed in SD system can be attributed to the aligned nature of 
dipoles at P3HT:0-MWCNTs/PCBM interfaces (figure 7.5).
(a) (b)
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Figure 7.5: Proposed schematic representation of SD devices (a) without interfacial dipole 
moments (b) with interfacial dipole moments.
When considering the BHJ devices are observed to render higher current densities 
despite their higher PL emission compared to the SD devices. In order to understand 
the discrepancy between the PL quenching and the corresponding J-V curves
were further analysed and the calculated for series resistances,/?^^, and shunt 
resistance, , with values given in Table 7.2.
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Table 7.2: Shunt and series resistance values for the P3HT:0-MWCNTs/PCBM (SD), 
P3HT/PCBM (SD), P3HT:0-MWCNTs:PCBM (BHJ) and P3HT:PCBM (BHJ) OPVs.
Composite/Resistance Rse(ncm^) Rsh (kHcm^)
P3HT:0-MWCNTs/PCBM (SD) 8.6 1.52
P3HT/PCBM (SD) 10.9 1.27
P3HT:0-MWCNTs:PCBM (BHJ) 10.3 6.43
P3HT:PCBM (BHJ) 10.0 8.36
The is decreased for the SD (P3HT/PCBM and P3HT:0-MWCNTs/PCBM) 
devices compared to BHJ devices. A low causes power losses in the device by 
providing an alternate current path. As the PL signal is significantly quenched in this 
system, the relatively poorer indicates non-radiative recombinations occurring in
the SD devices. In the non-radiative recombination process, the energy of the exciton 
is transferred to vibrations (phonons). To transfer all of the absorbed energy in one 
step, a vibration with very large amplitude must be generated which is highly unlikely 
in OPVs. Hence, the non-radiative process is much more likely to occur by energy 
transfer through a continuum of intermediate states.
In order to investigate the poorer device performance of SD devices through charge 
trapping in intermediate states, the space charge limited current (SCLC) of these 
devices are considered. Furthermore, the observation of deformed J-V characteristics 
of SD devices leading to S-kinks (S-shape J-V curves) is also discussed.
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7.5 SCLC in P3HT:MWCNTs:PCBM BHJ and SD Devices
7.5.1 Charge Transport Analysis through Dark J-V of BHJ and SD 
Devices
Dark J-V curves of SD and BHJ devices are shown in figure 7.6. The inset represents 
the corresponding curves in a logarithmic scale. (The photovoltaic responses of the 
devices are most significant between zero voltage and the open circuit voltage, hence 
the J-V curves are only considered in this region).
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Figure 7.6: Dark J-V characteristics for P3HT:PCBM (BHJ) (hollow blue circles), 
P3HT/PCBM (SD) (solid green circles), P3HT;0-MWCNTs:PCBM (BHJ) (hollow dark 
green triangles) and P3HT:0-MWCNTs/PCBM (SD) (solid red triangles) devices. The inset 
represents the same curves in logarithmic scales.
It can be observed from the graphs (inset of figure 7.6), that the dark current for the 
0-MWCNTs incorporated devices (both SD and BHJ) are always higher than their
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respective reference devices. The dark current in P3HT:0-MWCNTs/PCBM SD 
device structure is nearly two orders of magnitude higher than that of its reference 
P3HT/PCBM SD device. The increased dark current at low voltages in the presence 
of 0-MWCNTs shows that the additional energy levels are introduced^ ^  by O- 
MWCNTs which aid in charge conduction. Further analysis of these dark curves 
reveals different gradient {m)  values in different voltage regions, indicating different 
conduction regimes assigned following the power law J  ozV'^ (reference
A distinct variation of J-V dependence can be observed for SD devices. In order to 
have an insight in to the mechanisms responsible for the improved dark conductivity 
of the P3HT:0-MWCNTs/PCBM devices and its relationship to the observed power 
law dependence, charge transport mechanisms in the system are considered.
The main carrier transport mechanism for polymers occurs through the hopping of 
carriers between the localised electronic states in the polymer (P3HT). Localised 
states are present due to the defects in the structure and linkage of polymer chains, 
and these localised states trap most of the charge carriers. The density of localised 
states in P3HT:0-MWCNTs composite within the energy band gap of the polymer 
determines the density of trapped carriers, and influences the effective conductivity of 
the polymer. It has been reported that the density of these localised states can be 
approximated by an exponential relationship. The exponential model for trap 
density distribution was first proposed by Mark and Helfrich^^ and the trap density at 
energy level E  within the energy band gap (n(E))  can be approximated by the 
distribution given in Equation 7.1 (figure 7.7):
V
7.1
Where, H  - total trap density
- characteristic temperature which is greater than the measuring 
temperature T .
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Figure 7.7: Non-radiative electron transition o f the excited electron occurring via two 
intennediate energy states in the energy gap o f the polymer.
This trap distribution leads to the well known current-voltage response given in
equation 7.2 (appendix o f  reference 16)^ :^
J=e'-'  f i^N,
2 / + n /+i
V / + V
7 .2
where Ny - effective density o f  states in the valence band 
jUp - hole mobility
£ - dielectric constant o f  the material 
£q - pennittivity o f  free space 
/ = 7;/T
/ can further be identified as the steepness o f  the trap distribution. A  large / means a 
higher trap density.
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Equation 7.2 implies that the trap distribution should follow a power Law JccE '” 
( m = l  + l )  dependence observed in the OPV devices. Hence, a relationship between 
the distribution of the trap states and the observed gradient difference in the log J vs 
log V characteristics of the devices can be predicted.
In the presence of traps (shallow or deep traps), trapped carriers contribute to the 
space charge. For shallow traps, the carriers can be trapped for a duration that is 
considerably shorter than the lifetime of the carriers. On the other hand, deep traps 
can capture a carrier for a longer period than the carrier lifetime and hence the charges 
in the deep trap do not significantly contribute to the current. In practical situations, 
traps are energetically distributed and traps are released from the top towards the 
bottom of the (energy) distribution as the applied electric-freld increases.
According to the graphs in figure 7.6, it can be seen that in the low voltage regime, 
the carrier conduction is governed by Ohms law. It is generally accepted that Ohmic 
conduction is due to the low intrinsic conductivity of the polymer. At a certain 
voltage (transition voltage, Vj. ), the charge conduction increases, and above this 
SCLC^^ appears to control the conduction mechanism in the system. In this region, 
the steepness of the curve ( /)  determines the level of the trap density. A rapid 
increase in the current corresponds to a larger / and hence a higher trap density in the 
structure. For higher bias, the gradient value clearly suggests that the conduction in 
the region is dominated by trap limited conduction mechanism. Discrete trap levels 
are more often associated with traps that are farther apart from each other. As a result 
of this discrete nature, the J-V characteristics usually has a sharp transition from 
Ohmic to SCLC as seen in figure 7.6, signifying the change from empty to filled 
states of the traps.
The corresponding transition voltage values (figure 7.8) for each of the systems are 
given in Table 7.3.
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Table 7.3: Transition voltage, values (in V)  for the P3HT:0-MWCNTs/PCBM (SD), 
P3HT/PCBM (SD), P3HT:0-MWCNTs:PCBM (BHJ) and P3HT:PCBM (BHJ) dark J-V 
characteristics.
Device structure/Composition SD BHJ
P3HT, PCBM 0.43 F 0.55 F
P3HT, 0-MWCNTs, PCBM 0.61 F 0.53 F
8
7
6 SD P3HT/PCBM 
SD P3HT:0-MWCNTs/PCBM 
BHJ P3HT:PCBM 
BHJ P3HT:0-MWCNTs:PCBM
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Figure 7.8: Derivative curves of the dark J-V characteristics presented in figure 7.6 to 
measure transition voltage for each system.
According to these values, Vj. has been increased by 0.18 V from the reference to the 
0-MWCNTs incorporated device for the SD device architecture. A higher Vj implies 
that the charge conduction in the system is affected by traps at higher voltages 
(comparable with higher achieved for P3HT:0-MWCNTs/PCBM SD devices).
The SD device architecture should be favourable for 0-MWCNTs incorporated OPV 
device performance since the addition of the tertiary component has caused an 
increase in the value which is favourable in extending the trap assisted conduction
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(which leads to higher V^^). However, in the two BHJ systems, the Vj values are
almost similar indicating that the trap assisted charge conduction is being observed at 
the same voltage regime. Furthermore, it implies that charge conduction in BHJ is less 
affected by the addition of 0-MWCNTs.
From the preceding discussion, it is suggested that the BHJ configuration is more 
suitable for 0-MWCNTs based polymer:fullerene OPVs. However, the SD system 
still seems to be important in understanding the carrier conduction mechanisms.
7.5.2 Effect of O-MWCNTs on the Dielectric Constant of the P3HT:PCBM  
Composite
Organic materials are classified by low dielectric constant { s )  which leads to strongly 
bound Frenkel-like localised excitons compared to the Wannier-Mott type excitons 
generated in inorganic material. As a result, the Coulombic force (Equation 7.3) of the 
exciton in organic compound is very strong.
F = - E -  7.3
4;zs?o r
This highly attractive Coulombic potential well is created is created in the vicinity of 
the charges. It has been mentioned^^ that for a spatial separation of 1 nm between the 
electron-hole pair, the Coulomb binding energy is ~ 0.5 e F . However, the excitons in 
polymeric material with exciton binding energy of 0.3 eV can dissociate into free 
charge carriers when the carriers are able to escape their mutual Coulombic attraction. 
One possible route to increase the generation of free charge carriers is through the 
reduction in this Coulomb energy which can be achieved by increasing s . Increased 
£ can be achieved by introducing conductive fillers to polymers and carbon 
nanotubes are one such material. Since P3HT:0-MWCNTs composites are fabricated, 
it is important to investigate how s  is changed upon introducing 0-MWCNTs.
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The SCLC theory^^ predicts the transition from the Ohmic conduction (m = 1 ) at low 
voltage regime governed by:
F
JocF
where - carrier concentration
L - film thickness
to SCLC regime ( m = 2 )  governed by shallow traps:
•^ scLC 7.5
F^
J o e
which is called Child’s Law^^ in solids
and to trap assisted regime {m> 2):
Joe
y l + l
The transition voltage Vj for the devices between Ohm’s Law to Child’s Law 
(transition from linear scaling to quadratic scaling) can be obtained from Equation 7.3 
and Equation 7.4
9 F^nejuE=-/ussQ—y  7.6
8
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Vrp ——n e   7.7
8
Substituting the observed Vj values and L values (220 nm and 240 nm for reference 
and 0-MWCNTs incorporated devices respectively) in Equation 7.7 allows to 
compare the dielectric constant, g , value for P3HT:0-MWCNTs:PCBM and 
P3HT:PCBM composites which is important in identifying exciton binding energy, 
E^ , values for each system. (The injected carrier concentration n is assumed to be
same for both systems).
^BHJ O-MWCNTs “  1-23 £b HJ reference  7.8
The addition of 0-MWCNTs in to P3HT:PCBM system has increased the s  of the 
existing system by a factor of 1.23. It has been reported^^ that a large s  (~ 3600) can 
be achieved by a small quantity of functionalised MWCNTs (8 %) and this large s  is 
attributed to the preparation procedure and the interface effect between the MWCNTs 
and the polymer.^^ An increase of £ has been observed for polymer/nanotube 
composite and a maximum of 16 achieved at 0.5% of pristine MWCNTs.^^ This 
increase has been attributed to the interfacial polarisation effects, and no noticeable 
differences have been observed for the different oxidation treatments in terms of the 
dielectric response.^^
According to Equation 7.3, the higher £ causes a lowering the binding energy and it 
is favourable in enhancing the exciton dissociation process in the P3HT:0- 
MWCNTsiPCBM system. The consequence of this higher £ is the increase of Jgc V^  
the P3HT:0-MWCNTs:PCBM BHJ system, which has already been observed and 
presented in Chapter 6 as a result of 0-MWCNTs acting as EDCs.
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The SCLC analysis indicates that the P3HT;0-MWCNTs:PCBM composites could 
exhibit high dielectric constant, and polymer:carbon nanotube composites could be 
useful as high-energy-density capacitors and flexible high s  components.
7.6 S-Shaped J-V Characteristics in SD OPVs
J-V characteristics of well known systems (polymer/fullerene organic, CIGS 
inorganic), innovative organic systems and organic-inorganic hybrid systems show S- 
shaped defonnation. In many polymer/fullerene based OPV cells, S-shaped J-V 
characteristics have been widely observed and it is deemed to be one of the factors 
limiting the efficiency of the devices.^ '^^^
The figure 7.9 shows the S-shaped J-V curves of the SD devices at different active 
layer thickness values.
10 
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Figure 7.9: S-shaped J-V characteristics for SD devices at different active layer thicknesses 
for reference and O-MWCNTs incorporated devices.
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The reasons for this deviation of behaviour in the J-V curves are still unknown and 
several explanations have been given. Generally, S- kinks are attributed to low charge 
carrier mobility^\ imbalanced hole and electron mobility^^, restricted charge transport 
and reduced charge extraction.^^
According to the work done by Tress et al.^ ,^ the simulated I-V curves for a range of 
hole mobilities in the donor phase and electron mobility in the acceptor phase in 
discrete heterojunction devices lead to the appearance of the S-kinks for imbalanced 
mobility values, (especially under mobility mismatch factors larger than 100) (hole
mobility in P3HT =3x10"^ cm^ (see reference 13) and electron mobility of 
PCBM //g = 2 xlO“^  cm^ V~^s~  ^ (see reference 24) In the case of imbalanced mobility 
situation (jUh^ Me) the system, the field distribution is asymmetric since less
mobile holes form a space charge and the E-field in the acceptor is decreased, 
whereas it is increased in the donor phase. With this decreasing field, charges start to 
pile up increasing the recombination and decreasing the current which ultimately 
result in S-kinks. These simulated predictions have been experimentally proven by 
examining the charge carrier densities and the electric field distribution within the 
layer. According to the study on the electric field distribution as a function of 
distance from the anode, it is stated that for balanced high mobilities the electric field 
in the device is constant since all charge carriers can be extracted.^^ However, for low 
mobility values, a space charge is built up in the device since electrons and holes 
cannot be extracted sufficiently fast. The charge carrier concentration is increased at 
the D/A interface which in turn leads to recombination resulting in a low FF and 
deformed J-V characteristics leading to S-kinks.^^
Since these S-kinks are arisen as a result of low mobility of the polymer layer, it is 
worthwhile to investigate improvements on hole mobility in the polymer layer upon 
the addition of O-MWCNTs to P3HT.
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In order to estimate the hole mobility values in these systems, devices were fabricated 
with P3HT and P3HT;0-MWCNTs films. The dark J-V characteristics of P3HT and 
P3HT:O-MWCNTs devices are given in figure 7.10. The logarithmic representations 
of these dark J-V curves are also given (inset of figure 7.10).
Prior to any further discussion on the observed results, it should be noted here that the 
device structure of IT0/PED0T:PSS/P3HT/A1 and IT0/PED0T:PSS/P3HT:0- 
MWCNTs/Al (layer thickness of 100 nm) (due to the high work function of O-
MWCNTs (~ 5.07 eV)  are expected to behave as “hole only” devices which can
be used for the calculation of hole mobility. 13
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Figure 7.10: Dark J-V characteristics for P3HT (100 nm) (solid orange circles) and P3HT:0- 
MWCNTs (100 nm) (solid blue triangles) devices.
According to the SCLC model in the trap free region, the current density is
proportional to quadratic function of voltages as given in Equation 7.4’^  (Note that
this law does not imply the absence of traps, but rather filled^^). Substituting the
dielectric constant value of 3 for P3HT and thickness of 100 nm in Equation 7.4,
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the hole mobility of P3HT was calculated and is 8.4x10”^  cm^V ^for pristine 
P3HT. In section 7.5.2, it is shown that the dielectric constant is increased by a factor 
1.23 for P3HT:0-MWCNTs composite hence the calculated hole mobility value is
5.2 xlO"^ cm^V~^s~^ for the P3HT:0-MWCNTs composite.
Hole mobility of the polymer layer with O-MWCNTs has increased 8 times compared 
to the pristine polymer layer. However, this increased (5.2 xlO“  ^ is
still not comparable with the electron mobility (2  xlO”  ^crn^ V~^s~^ ) hence resulting 
in the observed S-kinks of the devices.
In another simulation conducted by Tress et al.^  ^by varying the active layer thickness, 
showed that the S-kinks get more pronounced for a thicker low mobility layer 
compared to the lower thickness of the high mobility layer which agrees with the 
curves presented in figure 7.9. (P3HT 135 nm and P3HT:0-MWCNTs 140 nm with 
PCBM 35 nm) A  similar observation has also been reported by Zhang et al.^  ^stating 
that the S-kinks are observed in devices with thicker donor layer suggesting that the 
donor layer thickness critically determines the device performance.
Considering the reported reasons for S-kinks, with the observed kinked behaviour of 
the SD devices in this work, it can be concluded that the mobility mismatch of the 
charge carriers and the non-optimal active layers are the reasons for these anomalous 
features.
Hole mobility of P3HT and P3HT:0-MWCNTs were determined by measuring SCLC 
only for one given thickness value. Mobility values derived from the SCLC region 
yield an effective mobility value of the layer. However, this effective mobility value 
differs from values achieved from more traditional methods such as time of flight 
(TOP), field effect transistor characteristics, a photo-induced charge extraction in 
linearly increasing voltage technique, and Hall mobility measurements. In TOP 
measurements, a much thicker film has to be used, about five times thicker than the
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actual device. Hence, in order to make a realistic estimate of carrier mobilities in the 
film, it is important to perform the measurements on the same device configuration as 
the actual device. Furthermore, the SCLC technique requires a commonly available 
source measurement unit to extract mobility from a simple diode structure (i.e. 
anode/organic/cathode). However, this technique requires strict condition of an 
Ohmic contact at one of the electrode/organic interfaces (i.e. at either the anode or 
cathode). It is known that IT0/P3HT forms the quasi-Ohmic contact and inject 
sufficient charge to sustain the SCLC conditions. The calculated value can be affected 
by the electric field of the organic layer and the temperature.
7.7 Summary
The systematic study conducted above reveals important information on the addition 
of a tertiary component to the existing systems. SD device architecture displays an 
increased most likely through the creation of aligned dipoles at the D/A
interface supporting the increased exciton dissociation observed in the PL 
spectrum. The analysis on dark current has concluded that the transition voltage for 
trap assisted charge conduction has been increased for SD device which is also in 
good agreement with the achieved higher value. Dark current analysis of P3HT 
and P3HT:0-MWCNTs films was exploited to calculate the hole mobility in the each 
system, and revealed that the is increased up to 5.2 xlO"^ upon
introduction of O-MWCNTs to P3HT whereas of P3HT alone is
an^V~^s~^. However, this increase in leaves a mismatch factor of 100
for electron mobility and hole mobility and caused S-kinks in the SD devices at higher 
active layer thicknesses.
In device performance view, the BHJ system is the best device architecture for 
P3HT:0-MWCNTs:PCBM in optimising the charge generation tlirough EDCs and 
minimising trap effects due to the addition of tertiary component into the existing 
P3HT:PCBM photovoltaic system. The dielectric constant has been increased by a
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factor of 1.23 compared to the reference BHJ devices and this is favourable in 
reducing the exciton binding energy in the P3HT:0-MWCNTs:PCBM system. 
Furthermore, this is in agreement with the reported higher values for the P3HT:0-
MWCNTsiPCBM BHJ system (in Chapter 6) and adds evidence for the suggestion of 
0-MWCNTs being able to lower the exciton binding energy by providing an 
additional field at the triple heterojunction interface through the creation of EDCs. 
Hence, it can be concluded that the performance of the P3HT:PCBM OP Vs has been 
enhanced by the addition of acid functionalised multiwall carbon nanotubes through 
the introduction of EDCs in to the system, increasing the dielectric constant of the 
system.
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Chapter 8
Conclusions
8.1 Summary of Achievements and Conclusions
The aim of this project was to utilise MWCNTs in the photo-active layer of 
polymer: fullerene thin films to achieve improved photo-generated current. The most 
commonly used donor-acceptor material combination of P3HT and PCBM was used 
in this work. Acid functionalisation of MWCNTs was observed to improve the 
nanotube dispersion in DCB through which a smooth thin film of nanotube 
incorporated active layer required for efficient device fabrication was obtained. 
Enhanced values were achieved from P3HT:0-MWCNTs :PCBM based devices
compared to the reference devices. This improvement in was attributed to the
enhanced charge generation through efficient exciton dissociation as a result of 
formation of P3HT:0-MWCNTs heterojunctions, which was confirmed through PL 
spectroscopy and EQE measurements. The contribution of charge carrier mobility on 
higher was examined by considering the SCLC model. Further supporting
information for the higher was obtained considering the of the exciton in the
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system. The calculated dielectric constant for the triple heterojunction system was 
higher than that of reference BHJ system which results in a lower for the exciton 
in the former structure.
In brief, we suggest that incorporation of 0-MWCNTs to the P3HT:PCBM system 
was successful in achieving higher J^y^from the OPV devices due to the following 
reasons.
1. Enhanced exciton dissociation
2. Higher dielectric constant
3. Lower E^ of the exciton in the P3HT: 0-MWCNTs :PCBM active layer.
These phenomena lends credence to the conclusion that 0-MWCNTs act as EDCs in 
the P3HT:0-MWCNTs:PCBM active layer.
Furthermore, isolation of 0-MWCNTs in P3HT was achieved through fabrication of 
SD OPV devices of P3HT:0-MWCNTs/PCBM in order to reduce recombination and 
to achieve mono-molecular charge transport. Charge transport analysis on these 
devices and BHJ counterparts revealed important information on addition of tertiary 
component to the existing OPV material system. In P3HT:0-MWCNTs/PCBM 
system, the transition voltage for trap assisted charge conduction has been increased 
resulting in a higher values. Considering overall device performance for both the
SD and BHJ device architectures, BHJ was identified as the best device architecture 
to utilise 0-MWCNTs.
8.1.1 Optimised P3HT:PCBM Reference OPV Device Fabrication
Fabrication of an efficient reference device was important in this work to monitor any 
improvements upon addition of MWCNTs to the existing material combination.
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Initial device fabrication was carried out following the device architecture 
IT0/P3HT:PCBM/BCP/A1 at 140 nm active layer thickness (section 5.3.1). In 
section 5.3.2, active layer thickness was increased up to 220 Mm and utilised 
PBDOT:PSS interfacial layer. Further device fabrication with higher P3HT lead
to the highest P Œ w ith  3.9 % efficient devices. The optimised OPV device 
parameters achieved in each section are summarised in the following table for given 
fabrication conditions.
Device ( ^ ) ( mAcm  ^) F F  (%) FCF (%)
A 0.60 6.50 68.5 2.67
B 0.60 7.97 62.3 3.06
C 0.60 9.20 71.2 3.92
In the process of incorporating MWCNTs, initially, 0.1 mg p-MWCNTs were 
introduced to the optimal devices mentioned under process A above. These devices 
delivered a PCE of 1.39% with a of 0.54 V , J^^of 5.8 m^cm"^and F F  of
44.4%. The deteriorated devices with the use of p-MWCNTs was investigated and 
discovered that poor micro structure observed through surface morphology resulted in 
reduced device parameters. Dispersion of nanotubes in DCB was concluded to be an 
obstacle in achieving a fine active layer surface morphology as untreated nanotubes 
are insoluble in organic solvents. Hence, nanotube functionalisation was considered.
Acid functionalisation process was conducted on MWCNTs with the aim to improve 
the dispersion of nanotubes in solvents which allowed in achieving better active layer 
thin films required for OPV device fabrication. These functionalised MWCNTs were 
characterised through Raman and IR spectroscopy to verify the attached functional 
groups are carboxylic.
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8.1.2 Enhanced Photo-Current in P3HT:0-MWCNTs:PCBM System
Acid functionalisation process resulted in preparation of homogeneous solution 
required for thin film deposition. The thin films were characterized by SEM and AFM 
techniques to observe improvement upon addition of 0-MWCNTs to the existing 
active layer. Fine surface morphology similar to reference active layer surface 
morphology was achieved by the utilization of 0-MWCNTs in P3HT:PCBM 
composite.
MWCNTs incorporated OPV devices were fabricated with the use of 0-MWCNTs in 
the active layer. Enhanced device performance of PCE of 2.3 % with a of 0.60
V , J^gOf 6.08 mAcm~^ and F F  of 62.31 %. Optimisation procedures were carried
out for the 0-MWCNTs incorporated devices. 0-MWCNTs concentration in the 
active layer and thin film formation techniques are found to be governing factors of
the device performance. Highest J^^of 8.34 mAcm~^ was achieved at 0.15 mg of  O-
MWCNTs in 20:20 mg! ml of P3HT:PCBM system at the thickness of 240 n m .
Most of the P3HT:0-MWCNTs:PCBM device fabrication processes and optimisation 
processes carried out in this Thesis work utilised lower M^P3HT which delivered
FCF around 3.1%. During the use of this P3HT a higher of 8.34
compared to the reference of ~ 8.00 mAcmT^ was achieved (although another 
higher reference was fabricated with higher later in the course of research).
8.1.3 The Role of O-MWCNTs in the Photo-Active Layer as EDCs
Improved photo-generated current achieved from the 0-MWCNTs incorporated 
devices was initially assigned as a result of smooth thin films of P3HT:0- 
MWCNTs:PCBM. Further investigation for the enhanced was carried out using 
photo-physical studies on the devices and thin films.
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EQE values for P3HT:0-MWCNTs:PCBM device was higher compared to the 
reference through out the visible range. Especially, a considerable improvement of 
charge collection probability was observed in the blue and green regions due to the 
lower recombination, higher charge carrier mobility and efficient charge separation at 
D/A heterojunction occurring in the system. For further verification of exciton 
dissociation and efficient charge transfer at D/A heterojunction, PL spectroscopic 
measurements were performed. The collected PL signal for each system was in good 
agreement with the results achieved so far indicating drastic PL quenching in O- 
MWCNTs incorporated systems compared to the p-MWCNTs incorporated system 
and reference system.
The observed enhancement in EQE was commensurate with the drastic PL quenching 
achieved for the P3HT:0-MWCNTsrPCBM system lead to the conclusion that the O- 
MWCNTs are responsible for the improvements in the devices as by acting as EDCs. 
Furthermore, the observation of charge generation at P3HT/0-MWCNTs nano­
heterojunction was observed.
8.1.4 Increased Dielectric Constant of P3HT:O-MWCNTs;PCBM
Isolation of O-MWCNTs in the P3HT phase was attempted by fabricating SD OPV 
devices of the structure of P3HT:0-MWCNTs/PCBM. Reference devices of 
P3HT/PCBM were also fabricated. Although a significant PL quenching was 
observed in O-MWCNTs based SD thin films, better device performance was 
achieved with the BHJ system of P3HT:0-MWCNTs:PCBM. However, the SD 
device architecture was successful in delivering higher . Charge transport analysis
of each system was conducted through SCLC model and found that the transition 
voltage for the SD devices were higher compared to the BHJ devices. The achieved 
higher transition voltage concluded that the trap assisted charge conduction due to the 
addition of O-MWCNTs was increased in the SD devices rendering a higher 
value.
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Further analysis of transition voltage allowed comparison of the dielectric constant,
£ , value. Upon addition of O-MWCNTs, s  value for the P3HT:PCBM system was 
increased by a factor of 1.23. The higher s  caused lower Eg for the exciton created 
in the system. Lower Eg consequently enhances the charge generation through 
efficient exciton dissociation. Hence, the achieved higher s  for P3HT:0- 
MWCNTsiPCBM supports the formulated hypothesis of O-MWCNTs act role of 
EDCs.
8.2 Future Work
The main objective of this work was utilisation of O-MWCNTs in the P3HT:PCBM 
active layer for improved and enhanced device performance. Favourable results 
were achieved in fabrication of P3HT:O-MWCNTs:PCBM OPV devices and the 
enhancement was related to the efficient exciton dissociation, higher g and lower E g , 
upon the addition of O-MWCNTs to the BHJ device architecture. However, further 
work needs to be carried out in order to obtain a better understanding of the physical 
processes occurring in these systems.
Charge transfer occurring at the D/A interface is the vital requirement for the 
generation of photo current. The process of photo-induced electron transfer from 
P3HT:0-MWCNTs to PCBM has to be examined via further spectroscopic studies. 
Photo-induced absorption (PIA) spectroscopy can be used to monitor long-lived 
separated charges in the D:A composites which are originated from ion radicals as a 
result of photo-excitation. Photo-induced changes in the absorption of D, A and D:A 
spectra with corresponding peaks can be used to identify the excited states of D. Any
sharp turn over in the PIA spectrum of D:A composite indicates bleaching of tt- tt* 
inter-band transitions of the D which ultimately can be used to interpret the charge 
transfer at the D/A heterojunction. Furthermore, it is possible to estimate the 
photoluminescence life time for each system, and drastic reduction in the life time of 
D:A composite compared to life time of D implies the existence of another process 
that is competing with the radiative emission of D consistent with charge transfer
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from excited D to A. Additionally, an estimation of charge transfer rate allows for the 
conclusion of efficient electron transfer from D to A leading to high quantum 
efficiency (QE) for charge transfer. Hence, a similar kind of experimental 
investigation has to be carried out for the P3HT, P3HT:O-MWCNTs, PCBM, 
P3HT:PCBM and P3HT:0-MWCNTs:PCBM composites to monitor the electron 
transfer rate from P3HT:O-MWCNTs to PCBM and recombination kinetics to reach 
higher charge transfer QE for the P3HT:0-MWCNTs:PCBM system.
Following the charge transfer, free charges need to migrate towards their 
corresponding electrodes. Charge carrier mobility is one of the factors which govern 
the efficiency of the charge collection . In this work, was calculated using a SCLC
model. Child’s Law assumes a perfect insulator with an electric field independent 
mobility (i.e. mobility is constant), which is not the case for most organic 
semiconductors. Hence, Poole-Frenkel like field dependence of the mobility,
where F- is the electric field strength and the approximation of the SCLC:
has to be considered for more accurate mobility measurements.
Further verification of needs to be carried out through other techniques such as
field effect transistor and TOF measurements. Although TOF is an accurate method to 
measure mobility, it is often not practical for evaluating the mobility of OPV 
materials since it is difficult to replicate the same morphology of the thin films used in 
the devices (~ 200 nm ) in the micron thick films required for TOF measurements.
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The dielectric constant of the P3HT:PCBM system was increased by a factor of 1.23. 
This is a quite considerable increase that allows lower exciton binding energy hence 
enhance the charge separation process. Dielectric constant values are important in 
organic blends since organic materials have lower s  (~ 2-3) and a small change 
would have a higher impact on the charge generation process. Therefore, s  value has 
to be further measured using capacitance-voltage (C-V) and spectroscopic 
ellipsometry measurements.
Although P3HT:PCBM was used as the active material for the work discussed in this 
Thesis, investigations needs to be carried out on the incorporation of O-MWCNTs to 
the recently synthesised low band gap donor systems such as PCDTBT, PBDTTT and 
PTB7. PTB7 has a band gap of ~ 1.7 eV which is less than the band gap the currently 
used polymer P3HT of ~ 2 e V . Hence, it would be interesting to study the photo­
absorption of PTB7 thin films in comparison with the P3HT film and their composite 
counterparts with PCBM. The increased photo-absorption due to the low band gap 
definitely will be benefited provided the presence of EDCs in the film of the form of 
O-MWCNTs. Hence, investigations along these lines are of extreme importance as 
D:A systems based on these new polymers has allowed in reaching higher 
efficiencies.
During the course of study, other functional groups were also considered and 
functionalised MWCNTs (T, A, TA) were incorporated in to the blend of 
P3HT:PCBM. In amino functionalisation process, amine group was directly coupled 
with the carboxylic groups of O-MWCNTs. Since the entire process requires double 
sonication of nanotubes (1; during acid functionalisation, 2; during amine group 
attachment), a mild step for the oxidising step has to be considered preserving the 
attachment of carboxylic groups to the nanotube. This might be important when 
studying the exciton dynamics of these thin films. A drastic PL quenching was 
observed as a result of the carboxylic group attachment to the nanotube. Hence it is 
vital to conduct a photo-physical study for amino, thiophene groups attached 
MWCNTs based active layer thin films along with their device performance. Hence, 
further investigation of A-MWCNTs, T-MWCNTs and TA-MWCNTs incorporated
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thin films and devices has to be carried out along with the necessary techniques to 
monitor the physical processes occurring in these systems.
